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Abstract
The increasing demand for concrete in construction places pressure on its 
constituent materials including aggregate. Attention has turned to alternative 
aggregates, such as recycled concrete (RCA), recycled asphalt (RA), and 
manufactured Lytag (lightweight) aggregates, to reduce the impact of quarrying. 
The aims in this research were to investigate the very early age behaviour and 
properties of RCA, RA, and Lytag concretes in relation to normal (gravel) concrete 
using non-destructive testing (NDT). This would lead to the use of NDT in the 
assessment of early age strength and setting of concrete. Early age was taken as the 
period from immediately after concrete mixing and up to 28 days. It was also the 
aim to investigate the early age concrete creep properties using UPV 
measurements. Finally, possible improvements in RA concrete strength were also 
investigated. A computerised data acquisition system was set up for continuous 
early age measurement of UPV.
Strengths, during the first 24 hours, are higher for Lytag than normal and 
RCA concretes, and all are higher than RA concrete. Beyond 24 hours, similar 
strengths are produced by Lytag and gravel concretes, which are higher than RCA 
concrete, and all higher than RA concrete.
During early hours after concrete mixing, higher UPV values are obtained for 
concretes containing Lytag and RCA aggregates, which have higher acoustic 
absorption. This recedes with maturity, producing higher UPV for concrete containing 
gravel than RA, which is higher than RCA, and all significantly higher than Lytag,
Rebound number deviates from strength in its behaviour with aggregate type, 
with higher surface hardness produced by the concrete with the higher pore content.
Strength and UPV relationships obtained for the period up to 1 day and 28 
days enables the estimation of strength from UPV. UPV can also be used to 
determine concrete setting.
Early age specific creep is higher for RA than Lytag and RCA concretes, 
which are higher than gravel concrete. Measurements of UPV can reflect the 
presence of creep and the determination of its value.
Concrete containing recycled asphalt, roughened for 3 hours, can produce 
similar strengths to gravel concrete.
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Introduction
Concrete is still one of the most popular and widely used materials in 
the construction industry, due to its high strength and versatility. It is made up 
from a mixture of aggregate (normally sand and gravel), water and cement, 
with increasingly some cementitious or chemical admixtures. The demand for 
concrete puts pressure on the resources of the naturally available materials that 
go into its manufacture, such as fine and coarse gravel. In a typical year 
around 200 million tonnes of aggregates are quarried in the UK (UEPG, 
2012), from some 1300 quarries. Therefore, and for many years, attention has 
turned towards finding and using alternative aggregates to replace the use of 
quarried materials. In addition, the introduction of the aggregates levy tax in 
the UK and a number of other countries in Europe has made the use of 
alternatives to natural aggregates, where possible, more cost effective than 
quarrying. The levy came into effect in 2002 and is calculated based on the 
weight of aggregates supplied (HMRC, 2011). The levy has been introduced 
to deal with the problems associated with quarrying, including noise, dust, 
visual intrusion, loss of amenity and damage to biodiversity, and to encourage 
the use of alternative aggregates. The current levy value is £2 per tonne of 
sand, gravel or rock. The reduction in sand and gravel and crushed rock 
production, from the peaks of the early 1990s, over the past two decades are 
demonstrated by figure 1.1 (Idoine, Bide and Brown, 2012). There was a 
slight reduction since the introduction on the levy. Although, a contributing 
factor to the noticeable reduction during the last three years might be the 
economic situation faced by the construction industry.
Some of these alternative aggregates are manufactured, such as Lytag 
(lightweight aggregate), expanded slags, and expanded clay (Reid, et al..
16
Chapter I Introduction
2008). Others take the form of recycled materials from the engineering 
industry, for example recycled concrete aggregate (RCA), recycled asphalt, 
and recycled glass. Some of these are already in use in the construction 
industry, particularly recycled concrete and Lytag aggregates.
s  300 
I  250
I  200
1 150
I  100
I  50 
0
19941990 1998 2002 2006 2010
Year
Figure 1.1 Consumption of natural aggregates (sand-gravel-crushed rock)
In 2010, recycled and manufactured aggregates accounted for about 
26% of the aggregates used in the civil engineering industry, of which 22% 
are recycled aggregates (UEPG, 2012). As well as environmental 
considerations, the increase in the use of recycled construction and demolition 
materials might also be attributed to the introduction of landfill tax, which has 
increased the cost of disposal of waste materials using landfill sites (HMRC, 
2012). The tax, introduced after October 1996, is chargeable by weight and is 
designed to encourage businesses to produce less waste and to use alternative 
forms of waste management. The rate is £2.50 per tonne for inactive less 
polluting waste, such as rocks and soil.
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Recycled concrete aggregate (RCA)
Recycled concrete aggregate is obtained from crushing and processing 
construction and demolition waste materials; consisting mainly of crushed 
concrete with some brick-blocks or masonry. When more substantial 
quantities of materials (impurities) other than crushed concrete are present, 
such as soil, wood, glass, metal, and asphalt, then it is considered to be 
general recycled aggregate. RCA is not the same as reclaimed aggregate, 
which is recovered from excess freshly manufactured concrete returned to 
batching (mixing) plants, obtained by washing the cement paste away from 
aggregate. Coarse recycled aggregate, including RCA, have been 
recommended for use in new concrete construction (BRE, 1998; Clear, 2006; 
Purnell, 2010).
The most common method of crushing concrete to aggregate size 
material is using a jaw crusher. For processing of demolished concrete, similar 
equipment is used as for crushing natural rock aggregate, which can be in 
demolition sites or processing centres (Collins, 1994; Purnell, 2010). Prior to 
crushing, non-structural materials that form part of buildings, such as 
windows, wood, and pipes would be separated and removed from the 
remaining demolished concrete to improve the quality of the recycled 
aggregate. The BRE (1998) has classified RCA into three classes based on its 
brick content:
® Class RCA(l)- is a low quality material with a relatively high 
content of impurities that produce low strengths. It would contain up to 100% 
brick or block masonry.
® Class RCA(ll)- is a relatively high quality of material with low 
content of impurities. It would be composed almost entirely of crushed 
concrete but in some circumstances may contain an appreciable amount of 
natural aggregate. The brick/block masonry content for this RCA class would 
be up to 10%.
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© Class RCA(III)- is a mixed material with impurities that can reach 
levels similar to class I, but can have more applications as a limited 
replacement for natural aggregate (up to 20-30% replacement). This would 
have up to 50% brick/block masonry content.
Recycled concrete aggregate tends to have lower specific gravity and 
higlier water absorption than normal aggregate. The porous nature of RCA can 
provide improved concrete resistance to frost and freeze/throw cycles (Buck, 
1977). The compressive strength of concrete containing RCA tends to produce 
lower strengths than conventional aggregate concrete, although replacement of 
up to 30% of coarse aggregate with RCA could show minimal or no difference 
from normal aggregate concrete (CS, 2005). Any reduction in strength might 
require adjustments to mix proportions in order to produce similar 
performance as that for natural aggregate (BRE, 1998; Buck, 1977; CS, 2005). 
Concrete containing RCA can produce lower elastic modulus, due to the 
increase in hardened cement paste content associated with RCA.
The use of RCA in concrete has environmental benefits and can also 
have financial advantages. This is particularly the case if the recycled 
aggregate is being processed and sorted locally or even at the site of RCA 
concrete use.
Recycled aggregates were mainly used as sub-base materials or loose 
aggregate fill for road pavement construction. However, in recent years it has 
increasingly been used in more structural applications. In the construction of a 
site building, to house materials for the construction of terminal 5 at Heathrow 
airport in 2001, Laing O’Rourke used RCA as capping material (AggRegain, 
2003). This was based on the good performance of RCA in wet conditions, on 
its environmental benefits, and its cost effectiveness. The cost was £7 per 
tonne for RCA, compared to £9 per tonne for conventional aggregates, which 
for their requirements o f40000 tonnes the savings were £80000.
Further application of RCA in construction was its partial replacement of 
natural aggregate in structural concrete (C35) used for the construction of 
Wetland Park in Hong Kong (Poon and Chan, 2007). The project, which started
19
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in 2003 and opened in 2006, used a total volume of around 13,000m  ^ of RCA 
concrete in applications that included total replacement with RCA, for pile caps, 
ground slabs, external works, mass concrete, minor concrete works, and concrete 
blinding.
Etxeberria, Mari and Vazquez (2007) have investigated using RCA 
concrete as a structural material for the production of concrete beams 
(200x350x3050mm), made with different transverse reinforcement 
arrangements. Replacing up to 25% of normal aggregate with RCA in 
concrete structural beams has minimal or no effect on the shear strength of 
concrete beam, including those containing transverse or web reinforcement 
(Etxeberria, Mari and Vazquez, 2007).
Recently, more prominent application of RCA has been in the 
construction of the London Olympic park complex. The Olympic Delivery 
Authority (ODA) set out from the outset targets regarding the use of recycled 
materials throughout the development of the park and venues, including RCA 
in the size of 20-5mm (Tate, 2012). This resulted in the achievement of 
(Simmons, 2011):
© Recycling and reuse of 98.5% of demolished waste.
© Concrete used in the foundations was made with more than 30% 
recycled materials.
® RCA was included in 20% of pre-cast concrete units used for the 
Olympic stadium.
Recycled asphalt aggregate (RA)
Asphalt is used in motorways, road surfaces, airport runways, parking 
areas, coastal protection, canal linings, reservoirs, footpaths and cycle paths, 
and sport and play areas.
Recycled (or reclaimed) asphalt is mainly obtained from removed old 
asphalt surfaces destined for landfill, which are crushed to size and used as 
aggregate.
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Asphalt is a mixture of bitumen and mineral aggregate designed for 
specific paving applications. Asphalt as paving material consists of 95% 
mineral aggregates mixed with 5% bitumen, which binds the aggregates 
together (EAPA and NAPA, 2011). Aggregates that might be used for asphalt 
mixtures are crushed rock, gravel, and sand. Aggregates can be selected 
according to size and other properties for specific asphalt mix design (EAPA 
and NAPA, 2011).
Paving bitumen is mainly produced by refining crude oil using 
atmospheric or vacuum distillation. Bitumen can be specified according to 
consistency, adhesion properties, viscosity, hardness, or brittleness at a certain 
temperature (EAPA and NAPA, 2011). These properties are important for 
asphalt pavement applications, including temperature, resulting quality, and 
durability of the asphalt.
Asphalt is manufactured by heating the bitumen to 150°C and then 
mixed with flux oil (kerosene), water and other chemical additives that might 
include hydrochloric acid, emulsifier, calcium carbonate, and quaternary 
ammonium compounds. The aggregate would then be added and after mixing 
would be placed in storage (DEIP, 1996). In the year 2007 there were 4,000 
asphalt production sites in Europe, which produced 435 million tonnes of 
asphalt per year. The rest of the world produced 1165 million tonnes per year, 
with USA production being similar to that of Europe (EAPA and NAPA, 
2011).
Reclaimed asphalt aggregate has been mainly used in the production of 
asphalt pavement material to replace virgin natural aggregates. The percentage 
of RA aggregate presence in asphalt mixes can be up to 30% for highway 
pavements applications. The bitumen of the recycled asphalt would also 
contribute towards the binding in the new mix; reducing the amount of 
bitumen consumption (APA, 2010). Other applications for RA aggregate have 
been as loose sub-base material in road construction. There has been limited 
use for RA aggregate in cement concrete production, due to the weaker 
strengths produced by RA concrete in comparison to other conventional
21
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aggregate concretes. Delwar, Fahmy, and Taha (1997) and Huang, Shu and 
Burdette (2006) investigated the use of RA aggregate in cement concrete as a 
replacement for natural aggregate. Although lower strengths than normal were 
produced by RA aggregate concrete, it had sufficient strength for a number of 
concrete applications, such as barriers and driveways.
Lightweight aggregate (Lytag)
Lytag is manufactured from fly ash (FA), which is a waste product 
from electricity production in coal-fired power stations. The FA is pelletised 
by adding controlled amount of water in specially designed rotating pans that 
result in the formation of rounded pellets. The pellets are then heated on a 
sinter grate to a temperature of between 1000 and 1250°C. This would result 
in the release of gases within the particles that expands and forms, when 
cooled, a hard cellular honeycombed structure with interconnecting voids 
within the aggregate (Lytag, 2004; Harding, 1995). The particles formed are 
round in shape and can have the size range of 0-4mm (fine Lytag) and 4- 
14mm (coarse Lytag).
Lytag aggregate has been used in lightweight concretes since the early 
1960’s. Some of its properties are listed below (Bamforth, 1987; Dhir, 1987; 
Bardhan-Roy, 1987):
® Lytag is half the density of stone or gravel. Therefore the concrete 
density is significantly reduced, which has major effect on the dead loads of 
the structure. In consequence, foundation sizes can be reduced, thinner beam 
and column sections can be used, and additional floors can be built. All of 
these can have obvious economical benefits. Lytag aggregate used in precast 
units has an associated reduction in handling and transport costs. Savings can 
also be made in supply costs, since a 20 tonne tipper truck can collect 24m  ^of 
Lytag compared with only 12m^  of natural aggregate.
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© Compared to normal concrete the elastic modulus is generally 
lower for Lytag aggregate concrete, which might put some limitations on the 
applications of prestressed lightweight aggregate concrete.
© Lightweight (Lytag) concrete can produce comparable durability to 
that of normal concrete.
© Provides improved thermal and sound insulation.
© It has good fire resistance.
Lytag concrete in the strength range 40-70N/mm  ^has been used in many 
different applications over the years, including structural and bridge 
developments. Three such applications are outlined here (Lytag, 2011).
New upgrade works at St Paneras Station, which included a 185 metre 
station extension providing 13 new platforms to accommodate domestic and 
international services, including platforms 5 to 10 for the long Eurostar trains and 
a new underground Thames link station. Lightweight (Lytag) aggregate concrete 
was used in numerous parts of the main station refurbishment and underground 
station development, mainly for weight reduction purposes. The project was 
carried out in the period 2001-2009, by CORBER (Joint Venture) with readymix 
concrete supplied by Tarmac Ltd.
The building of a sky bridge, part of the construction of the new Queen 
Elizabeth Hospital in Birmingham, connecting the new hospital to the existing 
old building. Coarse Lytag aggregate (4/14mm) was used to produce 
lightweight concrete for the deck of this 3.28m wide long bridge. The concrete 
was pumped onto RLSD Ribdeck metal decking. The work was carried out by 
Balfour Beatty contractors in 2010.
The installation of a new 50m span 282 tonne bridge for vehicle traffic 
and pedestrians over a widened entrance to Eton Domey Lake. The lake 
(2.2km long and 140m wide) was chosen for the rowing and canoe sprint 
events during London 2012 Olympics. Concrete made with Lytag lightweight 
aggregate (4/14mm) was used, with strength LC45/50 mix and a target density 
of 1750kg/m  ^ that would help reduce the overall weight of the bridge.
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Morrison Construction Limited undertook this work in 2009-2010, with 
readymix concrete supplied by London Concrete.
Testing concrete in structures
After placing and curing of concrete in a structure, measurement of the 
in-situ properties can be made by tests on cores cut from the structure, but this 
is destructive, time consuming, expensive, and often not convenient. 
Therefore, a number of non-destructive tests have been devised and developed 
over the years to assess the quality of concrete in structures (ACl, 1998; IAEA, 
2002; Purnell, Gan, Hutchins and Berriman, 2004) notably:
© Ultrasonic pulse velocity. The speed of ultrasonic wave through 
concrete provides indication of quality of concrete and presence of 
cracks or defects. It can be used to provide a measure of elastic 
modulus and indication of strength of concrete.
© Rebound hammer. The rebound of an impacted hammer mass 
against a concrete surface provides a number that represents the 
hardness of concrete surface. It would also reflect changes in strength 
of the tested concrete.
© Pulse echo. Detects the reflected waves, of an induced pulse in a 
material, by a hand-held accelerometer. The integrated signal is 
displayed on an oscilloscope. This method’s main use is to detect 
defects and their location in foundation piles.
© Ground penetrating radar. In this NDT technique radio waves are 
directed, using radar transmitter (frequency 0.5 to 2GHz), into the 
concrete. A receiver would pick up the waves reflected at boundaries, 
which provides profile of concrete condition.
© Gamma radiography. Gamma radiation is attenuated when directed 
through a structural member, using radioactive isotope. This would be 
recorded for analyses using X ray photographic film plate. The
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technique can be used to detect cracks, defects, and reinforcement 
location and condition in concrete.
® Non-contact ultrasonic diagnostics. This is a relatively new non­
destructive test that combines electrostatic broadband transducers and 
signal processing techniques for the reduction of signal to noise ratio.
® Visual inspection. In many situations this would be the initial form 
of concrete investigation. Areas of distress or deterioration in concrete 
would be observed and documented. This includes any discolouration, 
cracking, spalling, and disintegration.
The tests considered in this research are ultrasonic pulse velocity (UPV) and 
rebound hammer, which are the most commonly used non-destructive tests in 
concrete structures.
Concrete is a heterogeneous material whose mechanical properties are 
difficult to reproduce exactly; hence relationships between properties are 
normally derived empirically from tests on concrete samples.
Ultrasonic pulse velocity (UPV)
The speed of the ultrasonic pulse is the quantity most commonly used 
in ultrasonic pulse analysis and hence used in correlations with concrete 
properties, such as strength and dynamic elastic modulus.
The UPV of concrete is obtained by measuring the time (transit time) the 
ultrasonic pulse takes to travel between a transmitter and a receiver. The velocity 
is the path length (distance between transmitting and receiving transducers) 
divided by the transit time. The transit time is measured using the PUNDIT, 
which is connected to the ultrasonic transmitter and receiver (ACI, 1998; IAEA, 
2002; PUNDIT 2006). The transducers used for concrete testing are in the 
range of 20 to 150 kHz.
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The development of pulse velocity as a method to assess concrete was 
instigated simultaneously by Jones (UK), and Leslie and Cheesman (Canada) in 
the 1940s (IAEA, 2002). Until the 1970s, the transit tine was measured using 
Cathode Ray Oscilloscope (CRO). This displayed the pulse waveform and the 
time of pulse travel was measured along the time base to the leading edge of 
the pulse wave. This instrument was restrictive by its size and weight. After 
that the PUNDIT was invented by Elvery and Vale (Elvery and Vale, 1973), 
and developed by CNS Famell, which was portable and displayed the transit 
time digitally. This enabled more accurate testing on site and in laboratories.
In the past two years Proceq has produced the new PUNDIT-Lab, which can 
display transit time, path length, and the ultrasonic pulse waveform 
simultaneously.
In homogenous materials that are free from defects the UPV should be 
constant and therefore the transit time is proportional to the path length. 
However, in concrete UPV varies with the presence of voids, cracks and other 
defects. When a pulse reaches a crack or void in concrete, it takes the route 
through the denser material, i.e. the pulse travels around the crack/void and 
not through it, hence taking longer time to reach the receiver. This enabled the 
use of UPV as a method for detecting areas of voids, defects, damage, or low 
quality in placed concrete, where measured UPV values would become 
reduced. The method also displays reduction in UPV for any concrete 
deterioration with time, which can be monitored through continued 
assessment of the concrete. UPV measurements can also be affected by:
© Concrete moisture condition 
© Concrete curing and temperature 
© Extremely short (< 100mm) path lengths.
© Concrete density and uniformity 
© Concrete surface roughness
Empirical relationships between UPV and concrete properties, such as dynamic 
elastic modulus and strength, can be used to provide indication of these properties
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from UPV measurements. UPV relationships with strength have been established 
for hardened concrete (Jones, 1962; Bungey, 2006). This was later extended to 
earlier measurements on concrete starting at 1 day. These relationships are 
influenced by a number of factors, which include type of cement, cement content, 
admixtures, type and size of aggregate, curing conditions and age of concrete 
(IAEA, 2002).
Rebound number
The surface hardness of concrete has been used as an indicator of in- 
situ concrete quality. This is measured using the rebound hammer, which is 
based on the original hammer developed by Ernst Schmidt (Swiss engineer) in 
the late 1940s (Bungey, 2006). It relies on the principal that an elastic mass 
would rebound by an amount that is dependant upon the hardness of the 
surface it impacts (IAEA, 2002). Increase in surface hardness would result in 
bigger bounce of the rebound hammer, which is displayed on a scale as a 
dimensionless rebound number. The surface hardness technique can be 
applied in establishing the quality of concrete and detecting areas of 
deterioration and defect, when compared to good quality concrete.
The rebound number can be used, through empirical relationships, to 
provide an indication of concrete strength on site and in laboratories. Rebound 
number measurements can be affected by (IAEA, 2002; Bungey, 2006):
© Concrete surface smoothness 
© Rigidity of the concrete member 
© Moisture content of concrete 
© Coarse aggregate type 
© Cement type and content 
© Curing conditions
The rebound number has been related to the compressive strength of hardened 
normal concrete by people like Szilâgyi, Borosnyoi, and Zsigovics (2011) and
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Qasrawi (2000) for different mix proportions. This culminated in empirical 
expressions that enabled the estimation of strength from surface hardness 
measurements.
It is the aim in this research to:
® Extend the application of ultrasonic pulse velocity to the very 
early age of concrete. This is taken to be the period starting immediately after 
mixing and up to 28 days. Non-destructive testing in the form of UPV and 
rebound number would be performed on concretes made with alternative 
aggregates, specifically recycled concrete aggregate, recycled asphalt, and 
lightweight (Lytag) and compared to those obtained for normal (gravel) 
concretes. New relationships between strength and non-destructive tests would 
be established over this period. These investigations would help in assessing 
the development of setting and onset of strength gain of concrete.
® Apply non-destructive testing using UPV measurements to early 
age creep of concrete. This is another important property in concrete 
development, which might begin to present itself with the initial concrete 
loading after formwork removal. This would enable the formulation of an 
empirical model that would enable the determination of creep from UPV 
measurements.
© Investigate the improvement in the strength development of 
recycled asphalt concrete, with the additional monitoring using non­
destructive testing.
© Establish the two non-destructive testing techniques considered in 
this research for concretes made with alternative aggregates.
The first part of this thesis presents an analysis of the theoretical and 
experimental studies carried out by other workers that relates to this research. 
This is followed by an outline of the aims and objectives of this research 
program. Then details are provided of the materials used and the mixing
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procedure along with the equipment set up for the different investigations 
performed. After that data analysis of the experimental results is presented for 
the non-destructive testing of the different early age concrete types with 
vaiying mix proportions, from which a UPV corresponding to setting and 
onset of strength gain of concrete is defined. The following chapter presents 
the results of investigations into using UPV to assess early age creep of the 
different concrete types. The final data analysis part of this thesis is the 
investigation into improving the strength of recycled asphalt concrete. Finally, 
conclusions are drawn.
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A review of the literature relevant to the work performed in this study 
is presented in this chapter. It examines the theory behind ultrasonic wave 
velocity and its propagation, as well as its relationship with strength. It then 
provides some of the theory related to rebound number measurements and the 
relation of concrete surface hardness to its strength. The early age behaviour 
of ultrasonic pulse and its use to assess fresh concrete properties, such as its 
setting is also considered. The process of cement hydration and its influence 
on the development of concrete setting and hardening is finally outlined.
2.1 Wave velocity theory
Waves, according to Hueter and Bolt (1955), can be considered as 
being a simultaneous motion of an infinite number of particles oscillating like 
the bulk and behaving in a manner that is dependent on the properties of the 
medium and its boundaries. There are three main types of waves that can be 
propagated through a medium; Longitudinal or Compression (P-waves) 
vibrating in the direction of motion. Shear or Transverse (S-waves) which 
vibrate in a direction perpendicular to motion, and Rayleigh or Surface waves 
(combination of P+S) (Hueter and Bolt, 1955; Kinsler, Frey, Coppens, and 
Sanders, 2000). Longitudinal waves are the strongest and fastest, therefore 
most commonly used in ultrasonic pulse investigations. A derivation of the 
longitudinal velocity equation and expressions for the shear and surface wave 
velocities are provided below.
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The wave velocity through a medium can be derived by considering a 
solid rod, with cross sectional area A struck at one end with a force F, hence 
producing stress waves along the rod. Due to the wave motion an element 
within the rod would be displaced as shown in Fig. 2.1.
ao ai bo bi
X x+dx
^  Inertia force pAôxd^ u/dt^
Figure 2.1 Displacement of an element in a rod with balance of forces.
When the element aobo is displaced to aibi it moves a distance u and 
u+du at X and x+dx, respectively. The forces can be expressed by Hooke's law 
(Hueter and Bolt, 1955; Kinsler, Frey, Coppens, and Sanders, 2000), which 
takes the form;
Fx = -AEdu/dx (2.1)
where A is the cross sectional area
E is the elastic modulus 
and du/dx is the strain.
The negative sign is to maintain a positive E, due to negative strain resulting 
from positive stress.
The force at x is F^  and the force at x+dx is Fx+dFx, = F^  + (dF/dx)dx. 
Using Hooke's law (equation 2.1) the net elastic force can be found, which 
would be in dynamic equilibrium with the inertia forces reacting in 
opposition. This yields:
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EdWdx^-pdVdf = 0 (2,2)
This is analogous to the one dimensional wave theory, which normally takes 
the form:
dVdt^-CMVdx^ = 0 (2.3)
where C is the wave velocity.
Therefore the longitudinal wave velocity is:
Ki = (E /p )“  (2.4)
This can be extended to the whole bar using elastic theory, which is beyond 
the scope of this study, to yield an expression for the longitudinal wave 
propagation as:
V l =  1 (2L5)
where v is Poisson's ratio, 
and p is density.
This shows the pulse velocity to be related to the elastic modulus and density 
of a material.
The velocity for shear waves, however, can be expressed as:
V s = J ¥
where G = shear modulus of elasticity, G = E / 2(1+v) 
p = density.
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and the velocity for the Rayleigh or surface waves is given by:
Vr  =  c Vs  (2.7)
where c = 0.911 when v = 0.2 and 0.928 when v = 0.3
2.2 Ultrasonic attenuation and pulse strength
Ultrasonic pulses propagated through concrete become attenuated, due 
to the scattering, absorption and reflection of the pulse, e.g. at the 
paste/aggregate interfaces. The total attenuation can be expressed as:
aL = In (P/Po) in Neper (Np) (2.8) 
where a  is the attenuation coefficient, Np/mm,
and P is the intensity (pulse strength) at distance L from an initial intensity Po
The pulse strength is a direct indication of the attenuation affecting the 
pulse which can be measured as amplitude (in volts) using a Cathode Ray 
Oscilloscope (CRO). Figure 2.2 shows the leading edge of an ultrasonic pulse, 
which can be approximated to a cosine wave. Using this Elvery and Vale 
(1973) derived an expression for the Pundit transit time error, which is the 
time to reach the Pundit amplification threshold, based on the pulse strength 
and rise time (RT), which is the time from onset to the first half wave. The 
resulting expression can be written as:
7 =  | c o s - * ( l - 7 ^ )
where T is the Rise Time, ps
Po is the pulse strength (amplitude) of leading edge, mv. 
a is the amplifier threshold level, = 0.25 v, 
t is the Pundit error time ps.
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Po/2
Po
Po/2
Figure 2.2 Pulse strength and Pundit error time
2.3 Ultrasonic pulse propagation at boundaries
The energy of a sound wave incident at a medium can consist of three 
parts; reflected, absorbed, and transmitted energies, as figure 2.3 demonstrates 
(Maekawa and Lord, 1994). This can be written as:
Ji -  Jr +  Ja +  Jt (2 .10)
where Ji = incident energy, = reflected energy, Ja = absorbed energy, 
Jt = transmitted energy.
L
Jr
Figure 2.3 Reflection, transmission, and absorption of sound wave.
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The absorption coefficient S is defined as:
S = ^  (2.11)
^ i
This suggests that the portion of the incident sound wave that is not reflected 
is considered to be absorbed. The transmission coefficient x can be defined as:
T =  4 (212)
This can be further expressed as the transmission loss (TL) and takes the form:
71,= lO logioY indB (2.13)
When an incident wave is completely transmitted, without any reflection or 
absorption, then S = 1 and t = 1, therefore TL = 0 dB.
When a plane wave propagates through a medium the acoustic impedance is 
the product of its density and the sound speed, ie:
z = pV in or MRyal (2.14)
sec
where V = Ultrasonic pulse velocity, p = Density.
From the theoretical UPV equation (2.5), the impedance can be expressed as:
pE{\-v) (2.15)
( l+ v ) ( l -2 v )
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The characteristic impedance of a number of materials is provided in Table
2.1 based on a compilation by Maekawa and Lord (1994).
Table 2.1 Acoustic properties for a selection of common materials.
Material
Velocity
(Longitudinal)
km/s
Density
kg/m^
Characteristic 
Acoustic 
Impedance 
kgW sec x10^
Air (1 atm. 20°C) 0.344 1.205 0.00415
Water 1.46 1000 14.6
Rubber 0.035-0.23 1010-1250 ; 0.35-2.8
Cork 0.480 240 1.2
Timber 3.3 400-700 13-23
Stainless Steel 5.2- 5.79 7890 410-457'
Iron 5 7800 390
Concrete 3.5-5.0 2000-2600 70-130
Glass 4.0-5.0 2500-5000 100-250
Marble 3.8 2600 99
Sand 1.4-2.6 1600 23-42
The transmission Ti and reflection Ri coefficients of a wave incident normally 
on an interface between two materials a and b are given by;
Tab
AZgZh
(Za+Zb) (2 .16)
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Rab  =
{Zg-ZbY (2 .17)
(.Zs+ZiV
Ideally, impedance of two adjacent mediums should be as close as possible to 
minimise reflection (Rab) at the boundary.
Stainless steel, with its high impedance value and ultrasonic velocity 
that is similar to concrete (table 2.1), is used as transducer cover-casing 
material, in contact with concrete, for pulse propagation. Purnell, Gan, 
Hutchins, and Berriman (2004) has investigated the use of air as medium 
between transducer and concrete, part of no contact air-coupled ultrasound 
system with advanced pulse compression and signal analysis techniques. The 
low ultrasonic speed and density (impedance) of the air favours the pulse 
transition through paste, with its lower impedance compared with aggregate.
2.4 Strength relationship with UPV
The elastic modulus is related to the compressive strength of concrete 
(R in N/mm^) by an expression that is outlined in Eurocode 2 (BS EN 
1992:2004), reflecting an increase in elastic modulus with strength, and takes 
the form:
E = 22 (R / lOf^ in kN/mm  ^ (2.18)
Equations 2.5 and 2.18 indicate that there is a relationship between UPV and 
strength.
Empirical correlation has shown this to be best presented by an exponential 
format:
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R = ae*’'' (2.19)
where V = Ultrasonic Pulse Velocity and a and b are empirical constants, 
which can be obtained by carrying out regression analysis on test results.
There have been many investigations, over the years, into the 
correlation between strength and pulse velocity of normal hardened concrete 
for varying conditions, mix proportions, admixtures, etc, by for example Jones 
(1965), Elvery and Ibrahim (1976), Bungey, Millard, and Grantham (2006). 
This was then extended to hardened RCA concrete, by Sri Ravindrajah, Loo, 
and Tam (1988), and recently Chakradhara Rao, Bhattacharyya, and Barai 
(2011), and to hardened concrete with lightweight aggregate, such as Pumice, 
expanded clay, and Lytag, by Bungey and Madandoust (1994), and Chang, 
Lin, Chang and Hsiao (2006). Figure 2.4 shows typical results for the different 
concretes, tested at 7 days and beyond.
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(Bungey & Madandoust) 
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Figure 2.4 Compressive strength relationship with UPV for normal (gravel), 
RCA, and all-Lytag concrete.
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The degree of correlation of UPV and strength makes it a valuable 
method for assessing strength development of concrete. For any given 
strength, UPV is lowest for the Lytag concrete, as would be expected from its 
lower elastic modulus (Bungey and Madandoust, 1994).
Strength relationships with UPV have also been established at an 
earlier age for normal and RCA concretes, also shown in figure 2.4, starting at 
3 days by Demirboga, Türkmen, and Karakoç (2004, gravel concrete) and 1 
day by Khatib (2005, RCA concrete).
The trend of UPV and strength variation with age are such that both 
strength and UPV increase during the first few days, however the UPV rate of 
increase becomes less than that for strength and hence the curve relating UPV 
and strength takes the exponential form of equation 2.19. This was expressed 
by Bungey and Madandoust (1994) in their investigation of gravel concrete 
made with four different mix proportions:
R = 0.0041e^^^^^  ^ (2.20)
2.5 Rebound theoiy
The theory behind the application of the rebound hammer can be 
explained by considering an object impacting against a vertical wall (figure 
2.5, Duran, 2000). A mass approaching a fixed wall with velocities v% and Vy, 
corresponding to the x and y components, at impact would rebound with 
velocities w^and Wy, respectively.
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Solid vertical wall Object of mass m
Figure 2.5 Impact and rebound effects of object at a solid wall
For a normal impact, which disregards any friction effects, the momentum 
corresponding to the y component is zero so only the direct effects of the x 
component are considered (figure 2.5). The relationship between the impact 
and rebound velocities can be expressed as w% = -  ^Vx, where Ç is known as 
the coefficient of restitution (Ç=l for elastic impact,  ^ = 0 for inelastic 
impact). Applying basic mechanics theory would result in the expression:
M = m (Wx - Vx) (2 .21)
where M = rebound momentum (kg.m/sec), m = mass of impacting object 
(kg).
Rebound number measurements have been further explained by Fischli and 
Moczko (2012) as the ratio of impact to rebound energies, which can further 
be expressed as the ratio of rebound displacement to displacement at 
triggering of rebound hammer as outlined below:
JrlOOJ^ = 100 ^  =  100, (2 .22)
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where N = Rebound number,
Jr and Ji are the rebound and before impact energies, respectively,
Xr and Xi are rebound and at triggering displacements, respectively, 
and D is rebound hammer spring constant.
The rebound hammer test relies on the rebound of the elastic mass 
reflecting the hardness of the concrete surface being impacted. Upon impact 
the energy is dissipated locally and through internal friction within the body of 
the concrete. According to Bungey, Millard, and Grantham (2006) this friction 
tends to be a function of the elastic properties of the concrete constituents, 
which makes theoretical evaluation of rebound test results extremely difficult. 
Therefore empirical relationships are used to relate rebound number with 
other concrete properties, such as strength, but this is influenced by many 
factors.
2.6 Strength and rebound number relationship
As shown by equations 2.21 and 2.22, the rebound number is related to 
the mass and the rebound distance of the hammer impacting against the 
concrete surface. The measurements obtained would relate to the hardness of 
concrete in the area near the surface, which would not directly relate to other 
properties of concrete. (Bungey, Millard, and Grantham, 2006). Rebound 
number measurements are influenced by many factors, such as aggregate type, 
cement type, cement content, age, curing method, moisture content and 
conditions.
Correlations between compressive strength and rebound number for 
different hardened concretes made with normal (gravel) aggregate (Bungey, 
Millard, and Grantham, 2006), lightweight (Lytag) aggregate (Bungey and 
Madandoust, 1994), and RCA aggregate (Sri Ravindrajah, Loo, and Tam,
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1988) are demonstrated in figure 2.6. These concretes have varying mix 
proportions and were tested from the age of 7 days.
The concrete surface hardness measured through rebound number 
increases with age, as does concrete strength, which results in a relationship 
that was expressed for RCA concrete (figure 2.6) by Sri Ravindrajah, Loo, and 
Tam (1988) as:
R = 7.25e0.08N (2.23)
The figure shows the significant effects of aggregate type on both the strength 
and rebound number of concrete.
RCA
Normal
Lytag
jc 6 0 -  
%
40 -
10 -
Rebound Number
Figure 2.6 Compressive strength and rebound number correlation for hardened 
concrete.
2.7 Strength variation with aggregate type
The effects of aggregate type on compressive strength of concrete are 
demonstrated in figure 2.7, for gravel (Demirboga, Türkmen and Karakoç, 
2004), coarse RCA (Sagoe-Crentsil, Brown and Taylor, 2001), coarse sintered
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lightweight expansive shale/clay (Chang, Lin, Chang and Hsiao, 2006), and 
coarse recycled asphalt aggregate (Huang, Shu and Li, 2005). Concrete made 
with normal aggregate tends to produce higher strengths.
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Figure 2.7 Compressive strength variation with aggregate type.
There have been very few investigations into the use of recycled 
asphalt (RA) as aggregate in concrete. Where examined these tended to 
concentrate on the effects of RA on the strength of hardened concrete. Both 
fine and/or coarse RA, by Hassan, Brooks and Erdman (2000) and Huang, 
Shu and Li (2005), and different percentage replacement of fine and/or coarse 
RA with varying mix proportions, by Delwar, Fahmy and Taha (1997), have 
been considered. Concrete containing recycled asphalt tends to produce lower 
strengths than concretes made with normal or RCA aggregates (figure 2.7).
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2.8 Ultrasonic pulse assessment of early age concrete
Investigators generally consider early age for concrete to be the period 
starting from 24 hours onwards. Early age in this research is the period 
starting from immediately after mixing and up to 28 days, when strength is 
commonly measured in accordance with specifications.
At the time of carrying out this research program, and unbeknown to 
the author, UPV measurements were obtained at an early age (almost 
immediately after mixing) by Zhang et al. (2012) in his investigation of high 
performance paste, mortar and concrete containing silica fume, fly ash, and 
blast furnace slag, which was published in April 2012. A typical UPV 
variation with age is shown in figure 2.8, for the period up to 83 hours. The 
figure shows the trend of initial low UPV (dormant) period followed by an 
increase in UPV values, which then plateaus by 15 hours.
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Figure 2.8 UPV variation during early age for paste, mortar, and concrete
(Zhang et al ).
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Early age behaviour of concrete also includes the change from fluid to 
solid, i.e. setting. This is often measured using the penetration resistance test, 
as recommended by ASTM (2006), for concrete and mortar, and BS EN 196- 
3:2005, for paste. This was correlated with UPV measurements on paste, by 
Domone and Thurairatnam (1990), and Trtnik, Turk, Kavôiô and Bosiljkov, 
(2008), and mortar, by Reinhardt and Grosse (2004), as part of establishing 
the feasibility of UPV as an indicator of initial and final setting, at 3.5 N/mm  ^
and 27.6 N/mm  ^ respectably (for mortar and concrete). Zhang et al. (2012) 
obtained an indication of setting (initial and final) from UPV measurements 
by considering the UPV vs. time plot to have three sections; flat section 1, 
sloping section 2, and flat section 3 (figure 2.8). It was suggested by Zhang et 
al. (2 0 1 2 ) that the point where the tangents for sections 2  and 1 intersect 
corresponds to initial setting and the point of intersection of tangents for 
sections 2 and 3 corresponds to final setting.
2.9 Cement hydration process
The hydration process, resulting from the reaction of water with 
cement that leads to the development of setting and hardening of concrete, is 
summarised here.
The four main reacting constituents of cement clinker are; tricalcium 
silicate-CgS (alite), dicalcium silicate-C2S (belite), tricalcium aluminate-CgA 
(aluminate), and tetracalcium aluminoferrite-C4AF (ferrite). The clinker may 
contain other materials such as calcium oxide, silicon dioxide, aluminium 
oxide, iron oxide, magnesium oxide, alkali (Na2 0 ), and sulphur trioxide. Also 
gypsum is added to the clinker constituents before grinding, which is essential 
to control setting (Taylor, 1997 and Neville, 2003)
The hydration process starts immediately after adding water to cement 
when some of the clinker sulphates and gypsum dissolve producing an
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alkaline, sulfate-rich, solution. After mixing, the Aluminates (C3A) phase, 
which is the most reactive of the four main clinker compounds, reacts with the 
water to form an aluminate-rich gel (Stage I on the heat evolution curve-figure 
2.9). The gel reacts with sulfate in solution to form ettringite.
The C3A reaction with water generates heat, but for only a few 
minutes, and is followed by up to two hours of low heat evolution (the 
dormant or induction period), during which concrete is workable (Stage II- 
figure 2.9).
At the end of the dormant period, the alite and belite in the cement start 
to react, to form calcium silicate hydrate (C-S-H) and calcium hydroxide 
(CH). At that stage the particle surface layer is broken down, either by 
osmotic action or by the growth of calcium hydroxide crystals. The hydration 
of C3S produces more than twice the CH as C2S hydration. C3S sets first with 
C2S stiffening more gradually (Neville, 2003).
The rate of hydration then increases slowly and when the hydration 
products of individual grains achieve contact with each other, setting is 
induced (Taylor, 1997 and Neville, 2003). This corresponds to the main 
period of hydration (Stage Ill-figure 2.9), during which concrete strength 
increases. The individual grains react from their surface inwards, and the 
anhydrous particles become smaller. Aluminates hydration also continues, as 
fresh crystals become accessible to water.
The period of maximum heat evolution occurs typically between about 
1 0  and 2 0  hours after mixing and then gradually tails off, although it can 
happen as early as 4 hours after mixing (Neville, 2003).
In a mix containing only Portland Cement, most of the strength gain 
would have occurred within about 28 days. However in mixes containing 
partial cement replacements, such as fly ash, strength growth may occur more 
slowly and continue for several months or even a year.
The hydration of cement is an exothermic reaction, which makes the 
rate of heat evolution an indicator of the rate of hydration (Neville, 2003).
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Figure 2.9 The rate of heat evolution of Portland Cement 
(Taylor, 1997 and Neville, 2003)
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Aims and scope
Based on the review described in the previous chapter, particularly in 
the field of non-destructive testing in the early and hardened stages for 
concrete, it was possible to deduce some areas for further investigation and 
development. These mainly consisted of establishing an early age test system 
for the continuous ultrasonic monitoring of fresh early age concretes made 
with a range of different aggregate types, to assess important early age 
properties using NDT measurements on these concretes, and to try to improve 
on the strength development of the weaker of these concretes. These aims are 
outlined in more detail below.
3.1 Non-destructive testing of early age concrete
Most previous work on early age concrete using UPV and rebound 
number methods have been during the period starting from between 1-7 days 
for UPV and 3-7 days for rebound number (chapter 2), and up 28 days. It is 
the aim in this study to extend the application of ultrasonic pulse velocity to 
the very early age of concrete. This was taken to be the period starting 
immediately after concrete mixing and up to 28 days. Also, surface hardness 
was tested starting at 24 hours after mixing and up to 28 days. This was 
extended to concretes made with alternative aggregates.
For the first 20 hours after mixing, UPV was measured continuously 
using a data acquisition system that was exclusively designed for this study, 
which consisted of a mould housing that contained the fresh concrete and the 
ultrasonic transducers, and a computerised system that allowed continuous
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monitoring. This is outlined in detail in chapter 4 (experimental methods and 
instrumentation). Measurements were also obtained on hardened concrete 
samples (100x100mm) for UPV, rebound number, and strength at 1, 2, 3, 7,
2 1 , and 28 days.
The concretes used throughout this study were made with the 
following aggregate types:
© Normal (gravel) aggregate concrete; 20mm gravel, 10mm gravel, and sand 
© Recycled concrete aggregate (RCA) concrete; 5-20 mm RCA, and sand 
© Recycled asphalt (RA) aggregate concrete; 20mm RA, 10mm gravel, and 
sand
© Lightweight (Lytag) aggregate concrete; 0-14mm Lytag
3.1.1 Compressive strength determination using NDT measurements 
Non-destructive tests in the form of UPV and rebound number were
performed on the above concretes for mixes with different water/cement (w/c) 
ratios of 0.4,0.5,0.6, and 0.7.
The aim here was to establish new relationships between strength and 
the non-destructive tests over this new early age period, for all these 
concretes. These would enable better assessment of concrete strength from 
NDT measurements. It would also allow the determination, from UPV 
measurements, of the onset of strength gain and other important strengths in 
early concrete development. This would assist in the striking of formwork (on 
site or in pre-stressed concrete factory), assessing the readiness (after 
reconstruction) of concrete in airport runways, and early determination of cast 
concrete quality, all of which have practical and economic implications.
3.1.2 Concrete setting determination using UPV measurements
It is the objective to use UPV measurements, obtained continuously for 
the first 20 hours after concrete mixing, to assess the setting of concrete. The 
setting was measured using the penetration resistance test, in accordance with
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ASTM proctor test (ASTM, 2006), which is described in chapter 4, 
experimental methods and instrumentation. Tests were carried out on all four 
aggregate type concretes, using a mix with w/c 0.5 for direct assessment. 
Analysis of the obtained results would allow the use of UPV measurements 
for the determination of setting of concrete.
3.2 UPV assessment of concrete creep at early age
Thus far NDT have been mainly correlated to concrete properties, such 
as elastic modulus and strength, due to their obvious importance as material 
properties. Creep of concrete, which is the deformation of stressed concrete 
with time, is also an important property that can have major effects on 
durability, through causing crack generation, and loss of stress in pre-stressed 
concrete, as mentioned in chapter 6 .
The aim in this particular study was to investigate the early age creep 
of concrete using NDT (Sebastian, 2002), in the form of UPV measurements. 
This was carried out for concretes made with normal, RCA, recycled asphalt, 
and lightweight aggregates using a mix of w/c 0.5 for direct comparisons. 
Measurements were obtained during the early age (1-28 days after mixing) 
using 100x250mm concrete prisms, placed in a frame that allowed creep strain 
and UPV measurements, as detailed in chapter 4, experimental methods and 
instrumentation. The creep was measured at 30% of the compressive strength 
of the concrete. In order to maintain a stress level that corresponded to 30% of 
the developing early age strength of concrete, stress levels were adjusted daily 
up to 7 days and then weekly for 3 weeks.
Results were obtained for measurements of stress development, 
specific creep, and UPV measured up to 27 days after load application. This 
would enable the production of an empirical model that allows the assessment 
of concrete creep using UPV measurements.
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3.3 Improvement of strength development of recycled asphalt
concrete
The effect of using RA aggregate in concrete has been shown by other 
investigators, such as Hassan, Brooks and Erdman (2000) and Huang, Shu and 
Li (2005) (chapter 2, section 2.7, literature review and background), to result 
in lower strengths of concrete. It is the aim in this part of the study to 
investigate the possibility of improving the strength of RA aggregate concrete. 
This involved using two techniques:
© Mechanical roughening of aggregate
The aggregates used in RA aggregate concrete, which includes 20mm 
RA aggregate, 10mm gravel, and sand, were roughened prior to use in the 
mixing of concrete. The roughening durations were 1 hour, 2 hours, and 3 
hours. The effects of roughening RA aggregate (20mm), solely by itself for 3 
hours, were also investigated. This technique should alter the surface texture 
of the aggregate, resulting in improved aggregate porosity and bonding with 
cement paste.
© Chemical solvent application to RA aggregate.
RA aggregate was treated with solvent in the form of turpentine, 24 
hours prior to use in the concrete mix with the rest of aggregate. The change 
in RA aggregate surface characteristics would result from dissolving part of 
the bitumen forming asphalt aggregate, by the turpentine.
Along with strength, UPV and rebound number measurements were used to 
assess the effects of the above two techniques on the RA aggregate concretes, 
all mixed with w/c 0.5 for direct comparisons.
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Following the outline of the aims and scope of the investigations in 
chapter 3, a description of the materials used and the mixing procedure 
adopted is provided in the first part of this chapter. The second part provides 
details of the equipment used and the experimental methods, employed to test 
the wet and hardened concrete.
4.1 Materials and mixing procedure
The different materials used in this study, for the manufacture of the 
different types of concrete, and their mixing procedures are described below.
4.1.1 Materials
4.1.1.1 Cement type
The cement used in all the mixes of concrete investigated during the 
early age and the hardened stage was CEMI Portland Cement (PC) type 42.5 
N, manufactured by Lafarge Blue Circle. The composition of the cement used 
is given in table 4.1. This was a general purpose cement of a quality that 
complies with BS EN 197-1.2011 (2011) and carries the European conformity 
CE marking.
Health and Safety
Contact of cement powder with sweat and eye fluids may cause 
irritation, dermatitis or burns. Cement is classified as an irritant under the 
Chemicals (Hazard Information and Packaging) Regulations.
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Table 4.1 Composition analysis of Portland cement (Lafarge Blue Circle).
Chemical analysis % by weight
Si0 2 27.005
AI2O3 <1728
FezOg 4.215
CaO 49.040
MgO 0.985
SO3 2.872
K2O 1.067
Na2 0 0.355
P2O5 0 .2 0 2
LOI :L814
F CaO 1.475
Cl 0 .0 2 2
4.1.1.2 Mixing water
Ordinary fresh tap water was used throughout, as supplied by Thames 
Water Utilities Limited. This water is considered as suitable for use in 
concrete in accordance with BS EN 1008:2002 (2002). The water was used at 
ambient temperature.
4.1.1.3 Aggregates- fine and coarse
The different types of aggregate (normal, RCA, recycled asphalt, and 
lightweight) used in the manufacture of concrete are considered below.
Normal (gravel) concrete
For gravel concrete, Thames Valley flint gravels (4/10mm and 
10/20mm) and uncrushed river sand (0-4mm all-in) were used throughout the
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experimental work. The aggregates (fine and coarse) were oven dried before 
storing in the laboratory. The fine aggregate particle sizes were found to have 
the grading proportions shown for sand in table 4.2. The water absorption and 
relative density of the aggregates were measured based on a saturated surface 
dry basis as outlined by BS EN 1097-6:2000 (2000), and also shown in table 
4.2, for sand and gravel (10mm and 20mm). The quantity of concrete mixing 
water was adjusted to allow for aggregate absorption.
Table 4.2 Sand grading with relative density and water absorption for sand 
and gravel.
Sand grading
Sieve size (mm) % passing
236 943
1.18 843
0.6 73 7
0.3 4&9
0.15 938
Sand
Relative density (SSD) 2.2
Water absorption 2.91 %
10mm gravel
Relative density (SSD) 2.48
Water absorption 2.71 %
20mm gravel
Relative density (SSD) 2.48
Water absorption 2.18%
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Recycled concrete aggregate (RCA) concrete
The aggregate used in RCA concrete consisted of sand (0-4mm all-in) 
for fine aggregate, as used in normal concrete, and RCA aggregate (5-20mm 
all-in) for coarse aggregate. The RCA was Class RCA (II), in accordance with 
Recycled Aggregates BRE Digest 433 (1998), supplied by Day Group Ltd, 
Middlesex, UK. The grading and constituent material proportions of RCA are 
listed in table 4.3. The relative density (saturated surface dry) and water 
absorption of RCA are also listed in table 4.3. This aggregate has much higher 
water absorption and a lower relative density than gravel aggregate. The 
aggregate was oven dried and allowed to cool before use. Concrete mixing 
water was adjusted to allow for the aggregate absorption.
Table 4.3 RCA size and constituent grading with relative density and water 
absorption.
Sieve size (mm) % passing
3L5 100
20 97/3
10 37.1
9.5 33X5
5 2.4
2.36 0.5
RCA constituent 
materials % o f  total
96.6
Yellow brick 0.7
Red brick 0.6
Asphalt 2 0
Glass 0.03
Other 0.1
Relative density (SSD) 2.04
Water absorption 5.35%
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Recycled asphalt aggregate (RA) concrete
Asphalt is a mixture of aggregates, such as gravel, and bituminous 
binder. Recycled asphalt is reclaimed asphalt obtained by the milling of 
asphalt road layers.
Throughout this research, RA concrete is essentially normal concrete 
with the 20mm gravel (10/20mm) replaced with single size 20mm reclaimed 
asphalt (10/20mm (BS EN 13108-8:2005, 2005). The 20mm RA aggregate 
was a Type I unbound mixture for sub-base asphalt, supplied by Tarmac 
Southern Ltd (Hayes). It has the relative density (saturated surface dry) and 
water absorption listed in table 4.4, as provided by the supplier.
Table 4.4 Recycled asphalt aggregate relative density and water absorption.
Relative density (SSD) 2.46
Water absorption (15 94
Lightweight aggregate (Lytag) concrete
The lightweight aggregate used throughout this research was Lytag 
aggregate. Lytag is manufactured using fly ash (also known as pulverised fuel 
ash), which is a waste product from electricity generation in coal-fired power 
stations (Lytag, 2004). The fly ash is palletised (by adding water) to produce 
round pellets, which when heated at high temperature result in a hard, 
honeycombed structure of interconnecting voids within the aggregate 
(Moores, 2011). The particles formed are round in shape, which are then 
processed to a required grading, ranging from 14mm down to fines. Further 
details on the manufacture of Lytag are provided in appendix A.
The Lytag was supplied as fine (0/4mm) and coarse (4/14mm) 
aggregate, by Lytag Ltd, York UK. The particle size grading, relative density
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(saturated surface dry), and water absorption, which were all provided by the 
supplier, are listed in tables 4.5 and 4.6 for fine and coarse Lytag, 
respectively.
Table 4.5 Fine (0/4mm) Lytag grading, relative density, and water absorption.
Sieve size (mm) % passing
6.30 100
4.00 98
3.15 96
2.00 84
LOO 60
0.50 46
0.25 36
0T25 28
Relative density (SSD) 1.8
Water absorption 15%
Table 4.6 Coarse (4/14mm) Lytag grading, relative density, and water 
absorption.
Sieve size (mm) % passing
14 95
10 90
8 56
6.3 23
4 8
Relative density (SSD) 1.45
Water absorption 15%
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A  typical chemical composition analysis, carried out by Lytag Ltd, for 
their fine and coarse aggregate are listed in table 4.7.
Table 4.7 Typical chemical composition of Lytag (fine and coarse).
Chemical
analysis
% by weight
Fine Lytag 
(0/4mm)
Coarse Lytag 
(4/14mm)
SiOz 50 53
AI2O3 27 25
FezOg 7.5 6
CaO 3.3 4
MgO 1.6 2.9
Total SO3 0.3 0.2
Cl- 0.01 0.02
Na20e 2.3 2.6
LOI 4.5 3.1
4.1.2 Mixing procedure and curing of concrete
The mixing procedure involved placing the aggregate, which had 
already been oven dried and mixed with half the total water for absorption 
(over a 24 hour period), in an ELE Concrete Pan Mixer, with 56 litres 
capacity. The cement was then added followed by the rest of the water, and 
after two minutes of mixing the process was complete. The concrete was then 
placed in a polythene bag positioned in a mould/housing for continuous UPV 
measurements, and into 100x100mm moulds to manufacture specimens (26 
samples per mix) for non-destructive and compressive strength testing. For 
early age creep of concrete investigations, after mixing, the concrete was 
poured into 100x250mm prism moulds (12 prisms per mix). The mixing
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procedure used was based on BS 1881-125:1986 (1986). After placement, all 
samples were compacted on a vibrating table.
The 100mm samples were cured by placing in a temperature controlled 
room at 21°C and 81% relative humidity, to which they were returned after 
de-moulding and kept until testing.
After compaction, the 100x250mm prisms, used for creep testing, were 
covered with polythene sheets for curing. After de-moulding, except for two 
samples (to be used as test and control samples), all prisms were kept under 
polythene, next to the creep testing apparatus, until loading for compressive 
strength measurements.
Constituent material quantities for concretes made with normal 
aggregate were obtained using the BRE (1997) mix design method. Similar 
procedures for designing concretes made with the other aggregate types are 
less established. In view of the important direct comparisons carried out 
between the different concrete types, and for consistency, the BRE mix design 
procedure was also applied to other aggregate type concretes. Using this 
method the relative densities (SSD) of the different aggregates and, in the case 
of fine Lytag, the percentage passing a 600 pm sieve were accounted for. The 
mix designs used were based on the assumption of equivalent aggregate 
volume.
The mix proportions of all the concrete mixes for the different 
aggregate type concretes are detailed in tables 4.8-4.11 for normal, RCA, RA, 
and Lytag concretes, respectively. Concretes mixed with w/c 0.5 were used 
for direct comparisons between the different aggregate type concretes.
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Table 4.8 Concrete mix proportions for normal (gravel) concrete
Constituent
material
quantity
Water/cement ratio
kg/m^ 0.4 0.5 0.6 0.7
Cement 450 360 300 257
Water 180 180 180 180
Fine aggregate 
Sand 461 518 557 599
Coarse aggregate 
Gravel 10mm 426 437 444 444.3
Coarse aggregate 
Gravel 20mm 852 874 888 889
Table 4.9 Concrete mix proportions for RCA concrete
Constituent
material
quantity
Water/cement ratio
kg/m^ 0.4 0.5 0.6 0.7
Cement 525 420 350 300
Water 210 210 210 210
Fine aggregate 
Sand 430.63. 490 540 579 1
Coarse aggregate 
RCA 5-20mm 1194.37 1240 1260 1270.1
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Table 4.10 Concrete mix proportions for recycled asphalt concrete
Constituent
material
quantity
Water/cement ratio
kg/m^ 0.4 0.5 0.6 0.7
Cement 450 360 300 257
Water 180 180 180 180
Fine aggregate 
Sand 461 518 557 599
Coarse aggregate 
Gravel 10mm 426 437 444 444.3
Coarse aggregate 
RA 20mm 852 874 888 888 7
Table 4.11 Concrete mix proportions for lightweight (Lytag) concrete
Constituent
material
quantity
Water/cement ratio
kg/m^ 0.4 0.5 0.6 0.7
Cement 575 460 383 229 3
Water 230 230 230 230
Fine aggregate 
Lytag 0/4mm 401 471 527.5 624/3
Coarse aggregate 
Lytag 4/14mm 554 599 619 676/1
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4.2 Testing methods and instruments used
The methods used to test for concrete properties, such as strength and 
creep, and non-destructive testing (UPV and rebound number) during the early 
age are outlined in the sections below.
For each mix, the total number of samples used for strength and NDT 
testing was 26, with measurements carried out in triplicates. For concrete 
creep investigations a total of 12 prisms per mix were made, with creep 
measurements obtained from a test sample and a control sample.
4.2.1 Strength measurements
Compressive strength measurements were obtained by crushing 
concrete cubes (100 x 100mm) in a Famell compressive testing machine 
(Famell, Hatfield, England). This was carried out in accordance with BS EN 
12390-3:2002 (2002).
These were performed at ages from when the concrete developed 
enough strength to allow handling, without the specimen crumbling, and up to 
28 days. Measurements were taken starting at 5.5 hours after mixing, but this 
varied depending on the mix, and up to 11 hours. It then continued at 1, 2, 3,
7, 14, 21, and 28 days. Compressive strength measurements were obtained on 
each sample after measuring for UPV and rebound number.
4.2.2 Non-destructive testing
These were carried out using UPV and rebound number measurement 
techniques.
4.2.2.1 Ultrasonic pulse velocity measurements (UPV)
The UPV is obtained by measuring the time, in microseconds (ps), that 
an ultrasonic pulse takes to travel between a transmitter and a receiver (transit 
time) through a known distance of concrete (path length in mm). The velocity 
in km/sec is the path length divided by the transit time, equation 4.1.
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V = PL/Tt (4.1)
Where V = Ultrasonic pulse velocity, km/sec,
PL = Path length, mm,
Tt = Transit time, ps.
Transit time was measured using the PUNDIT- Mark7-PC1012 
(Portable Ultrasonic Non-destructive Digital Indicating Tester), which was 
manufactured by CNS Famell Limited, Borehamwood, Hertfordshire, UK, 
figure 4.1. The PUNDIT has an accuracy of ±0.1 ps.
The transducers (transmitter and receiver) consist of ceramic 
piezoelectric elements mounted in stainless steel housings (nose cover). The 
transducers used were 54kHz (50mm diameter x 38mm long) with an 
operating temperature range of 0-70°C. These were coupled to the concrete 
surface using Castrol Pyroplex Blue grease.
The path length measurements were carried out using a digital calliper, 
shown in figure 4.2. This has a measuring range of 0-150mm and an accuracy 
of 0.01mm. The accuracy of digital callipers has been substantiated and 
endorsed by its use in measuring human coronary arterial diameters (Uehata et 
al, 1993).
Intermittent UPV measurements were carried out on the 100 x 100mm 
concrete samples, made with different aggregate types, at 1, 2, 3, 7, 14,21, 
and 28 days. These are presented and discussed in chapters 5 and 7.
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Figure 4.1 Ultrasonic pulse transit time measurement using PUNDIT Mark 7.
* < r ' W  . .  '
Figure 4.2 Path length measurements using digital callipers.
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Ultrasonic pulse generation
The ultrasonic pulse is generated in the PINDIT by charging the 
capacitor of the transmitting transducer to a potential of 1000 volts, which is 
then discharged through a thyristor triggered by the pulse generator at a 
repetition frequency of 10 p.p.s. This discharge causes the transducer to be 
shock excited and it therefore produces a chain of longitudinal vibrations at its 
own natural frequency.
Meanwhile a pulse from the GENERATOR triggers the SET 
REFERENCE control stage. This generates a START pulse for the GATE 
control and a RE-SET pulse for the DECADES, as shown in figure 4.3. Once 
the waves reach the piezo-electric receiver and are converted to electrical 
signals they are amplified and shaped to produce a rising STOP pulse 
coincident with the leading edge of the received signal waveform. This STOP 
pulse is activated when the voltage of the leading edge reaches a threshold of 
250 millivolts (mv).
An electrical GATE controls the transit time measurements by opening 
itself to allow for timing of pulse to commence through the DECADE 
counting units when the START pulse is received from the set reference stage. 
The GATE then closes when the STOP pulse from the receiver is amplified to 
the other side of GATE control.
Due to the amount of attenuation present during testing at early ages 
the received ultrasonic pulse is normally weak. This may cause the GATE 
STOP mechanism not to become activated by the first wave, if it has an 
amplitude lower than the 250mv threshold, but to be triggered by one of the 
following waves which would result in the PUNDIT registering a time 
measurement that does not represent the true transit time of the received 
signal. This normally occurs during the first two or three hours of testing.
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Figure 4.3 PUNDIT pulse generation system diagram.
4.2.2.2 UPV Continuous early age data acquisition system
The ultrasonic pulse velocity was obtained at the very early age, almost 
immediately after mixing and up to 20 hours, using a special data acquisition 
set-up, shown in figure 4.4. This consisted of a housing/mould 
(100x100x104mm), made from ultra high molecular weight polyethylene 
(UHMWPE) that can house the concrete sample, contained in a polythene bag, 
and the two transducers.
The transducers were connected to the PUNDIT (Mark 7), which in­
turn was connected to a computer (Viglen, with Windows XP operating 
system). The computer used special software that allowed data collection 
through the serial port (RS-232), at a specified interval.
Transit time measurements, in microseconds, were obtained every 10 
minutes (average of 5 second interval measurements across 60 seconds), 
which were then converted to UPV in km/sec using the path length measured 
in mm. The path length was the shortest distance between the transducers, 
measured using a digital calliper.
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0
UHMWPE mould/housing
Figure 4.4 Continuous UPV data acquisition system.
Housing/mould material used
Table 4.12 presents a list of different materials and their properties 
(mainly plastics and wood), including their attenuation values. It is apparent 
that UHMWPE has high attenuation properties with a value of 8dB/cm 
(Alderson, Webber and Evans, 2000), which would minimise any loss of 
ultrasonic pulse energy to housing material acoustic absorption or travelling 
tangentially to it, enabling the preservation of much of the pulse strength to 
travel through the concrete sample. UHMWPE has better abrasion resistance 
than PTFE or Polyimide polymer. It also has no moisture absorption; hence 
minimal or no change in the material properties including any expansion or 
contraction through increased or reduced moisture content. The material is 
also rigid and can be machined or cut to the required housing/mould design 
specifications. All the above makes UHMWPE a good material to use for the 
early age continuous UPV measurements set-up.
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Table 4.12 Different material properties including acoustic pulse attenuation
(Selfridge, 1985; Pedersen, 1978-1982; Alderson, 1997; Diederichs and Ginzel, 1999; 
Hadimioglu and Khuri-Yakub, 1990)
Plastic
material
Vlong.
km/sec.
Density
kg/m^
Temp.
range
°C
Moisture
absorption
%in24 
hours at 
20°C
Machinability
Acoustic
Impedance
MRyal
Attenuation
dB/cm, 
at 5MHz
Acrylic, clear 
(pexiglass) 2.75 ! 1190 : 0/75 0.3
ok 3JK ! 6.4
Polyethylene
(UHMWPE) 1.95 900
-200/
+90 none very good 1.76
:::+U:8r'^
PTFE-Teflon 1.39 : 2150 1-250/+250 none very good 299 3.9
Nylon, 6/6 2.60 1120 1 -30 / :+120 2.0-3.0 :
good 2.90 2.9
Polyimide Z20 1 1390 0/525 : 1.08 : good 2.7 1.14
Polypropylene,
Profax 2.74 880 4/80 i 0.2 good 2.40
5.1
Wood 3.50 : 450 : <275: 12.5 ! good 1.57 6.9
The housing, which weighs 3.5kg (empty), consists of five UHMWPE 
blocks; a floor block, two side blocks, and two front/back blocks that contain 
the openings for the transducers. These openings are designed to be a tight-fit 
to the transducers to enable them to be firmly fixed within the mould. These 
blocks were held together firmly by screw struts and nuts, as shown in figure 
4.5. These can easily be partly or completely disassembled and then put back 
together to the same tight fit assembly. Detailed design plans and dimensions 
for the housing is presented in appendix B.
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Figure 4.5 UHMWPE mould used in continuous UPV measurements.
Path length measurement for the continuous monitoring system
Measurements for the path length were carried out after every test, 
using the digital calliper (figure 4.2). This involved measuring the distance 
each transducer protruded from the housing flat face block. These are DR and 
DL in figure 4.6, which shows a schematic representation of the path length in 
relation to the transducers position in the UHMWPE housing/mould. The path 
length is calculated using equations 4.2-4.5, which also incorporate the 
impression distances the transducers made in the concrete (dR and dL, figure 
4.5). Measurements of DR and DL were made at 4 different places around 
each transducer, and the shortest length was used in the calculation of the path 
length of the ultrasonic pulse.
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DL
dL
38 mm
30 mm
Transducer and sample 
^Housing
104 mm
PL
dR
DR
N
38 mm
30 mm
Transducer
PL = Path length, dR and dL = Transducer impression distance.
Figure 4.6 Path Length measurements for the continuous monitoring system.
dR = 3 8 -3 0 -D R  
dL = 3 8 -3 0 -D L  
PL=104-(dR  + dL)
PL = 104 - ((38-30-DR) + (38-30-DL)) 
Where PL = Path length,
dR and dL = Transducer impression distance, 
DR and DL = Transducer protruding distance.
(4.2)
(4 3)
(4.4)
01.5)
Coupling transducers to concrete
To maintain good contact between the transducers and concrete 
surfaces, when measuring UPV, a couplant needs to be used. This would 
replace the presence of the air film between the transducer and concrete, hence 
improving the impedance at the transducer/concrete interface, which would
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result in increased pulse strength and better ultrasonic pulse detection. A 
couplant can be in the form of grease, liquid soap, water, or petroleum jelly. In 
more recent years solid circular membrane discs that can stick to surfaces 
have been produced for use as couplants, known as a dry couplant. However, 
these are currently more suited for use on very smooth surfaces, such as the 
ultrasonic testing of ceramics.
A study by Colombo et al. (2005) has investigated the effectiveness of 
using superglue, gluegun glue, plasticine, and grease for coupling ultrasonic 
transducers. The two glue types were found to provide the better quality 
signal, especially superglue, followed by plasticine and then grease. Although 
effective, the use of glues would have major practical implication in causing 
damage to the transducer and concrete surfaces, not to mention keeping the 
transducer bound to the concrete for the long term. Although the use of 
plasticine is more practical, environmental temperatures can affect its 
properties. Liechty and Webb (2007) reported that decreasing the temperature 
from 36°C to 22®C would require an increase in stress application to plasticine 
of 400-500% as a result of increased plasticine stiffness. This means, the 
pressure applied on the transducer against the hard concrete surface would 
need to increase at lower temperatures in order to obtain similar signal 
amplitude and quality. In other words for a constant transducer pressure 
against a concrete surface, the signal quality and strength would decrease with 
lowering of plasticine temperature.
Water is a good couplant, however, there might be some limitations in 
the range of investigations associated with water at extreme temperatures. It 
would also limit the mobility of the test system.
An important aim in this research in the early age measurement of 
UPV was to have a system that is mobile and can be used at construction sites, 
as well as in laboratories, at different environmental temperatures (including 
extreme temperatures). For this purpose, grease is conveniently mobile and 
can withstand extreme operating temperatures. Also, due to the viscous nature 
of grease, it can continue to act as a couplant and maintain contact between
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transducer and concrete/polythene surface throughout concrete development, 
even if some shrinkage of concrete occurs. All of the above makes high 
viscosity grease the optimum and practical couplant to use.
The grease that was most suited, due to its high surface tension, is 
Pyroplex Blue by Castrol. Pyroplex Blue is blue in colour and has the 
appearance of smooth-tacky/stringy grease with a baseoil value of 600 
centistokes (cSt = mmVsec). It is a lithium complex grease with a 
multifunctional solid lubricant additive, as a thickener. It has a working 
temperature range from -30 to +150 °C, and a relative density of 0.89. Further 
information regarding Pyroplex Blue grease and its material properties and 
safety are provided in appendix C.
Polythene bag
The polythene bags used in the early age continuous UPV 
measurements needed to be of sufficient strength to allow for the placement of 
fresh concrete in the bag, which is placed in the UHMWPE housing, and to 
withstand the compaction of concrete on the vibrating table. The dimensions 
of the polythene bags were such to allow placement in the UHMWPE 
housing.
The polythene bags used were heavy duty (500g polythene weight) 
clear polythene, with the dimensions of 178 x 229mm.
Data acquisition software
Following mixing and placing of concrete into the polythene bag, 
already inserted in the UHMWPE mould, and after compaction the 
transducers were inserted into the tight-fit holes in the mould. The transducers 
were pushed against the concrete and impressed into it. After that, the 
transducers were connected to the PUNDIT and the data acquisition software 
was started.
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The software was RS232 Data Logger by Eltima Software. This was an 
open source application, which allowed the redirection of all communication 
data from the RS232 compliant serial port device into a text file for further 
analysis. The software can also gather data from multiple serial ports 
simultaneously. The data were then imported to Microsoft Excel, through a 
process of conversion from text to data sheet columns, for analysis. The data 
recorded were the transit time measured by the PUNDIT and the time of each 
measurement. The transit times (in microseconds) were obtained every 5 
seconds. These were then averaged, after transfer to Excel, every ten minutes 
across a period of 60 seconds, which were then converted to UPV in km/sec 
using the path length measurement (mm). This would provide more accuracy 
in the UPV measurements by reducing the effects of any acoustic noise, due to 
attenuation, at the fresh concrete stage. Details relating to the software’s 
features and setup are presented in appendix D.
4.2,23 Rebound number measurements
The rebound hammer was used to measure the surface hardness of concrete. 
This was a Schmidt: rebound hammer manufactured by Proceq Switzerland, 
and a typical hammer is shown in figures 4.7 and 4.8. The Schmidt rebound 
hammer consists mainly of plunger, hammer mass, spring, latching 
mechanism that locks the hammer mass to the plunger, and a sliding rider that 
indicates the rebound of the hammer mass. All these are contained within the 
outer cylindrical body that has a scale indicator, attached to the sliding rider. 
The scale, marked from 10 to 100, displays the rebound distance of the 
hammer mass. This is the rebound number, which is a dimensionless number.
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Scale with 
indicator
Plunger
Figure 4.7 Schmidt rebound hammer.
The method of measuring concrete rebound number and the 
mechanism involved can be illustrated by figure 4.8 [IAEA, 2002]. The 
hammer plunger is held perpendicular to the concrete surface and pushed hard 
against the concrete, which would latch the hammer to the mass of the 
plunger. The spring that holds the mass to the body extends. When the spring 
reaches its maximum extension, the latch gets released and the mass is pulled 
towards the concrete surface by the spring. The mass then rebounds off the 
plunger set tight against the concrete, with the slide indicator travelling with 
the rebound mass hammer and stopping at the maximum distance the hammer 
reaches from rebound. At that stage a button on the side of the body would 
need to be pushed to lock the plunger into its position and allow the reading of 
the rebound number from the scale.
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Figure 4.8 Schematic representation of Schmidt rebound hammer mechanism.
Throughout this research rebound number measurements were 
obtained on concrete samples (100x100mm) placed in a compressive loading 
machine, used for the compressive strength measurements (section 4.2.2), 
under a load of 7 N/mm  ^(based on Bungey, Millard, and Grantham, 2006), as 
shown by figure 4.9a. Rebound number measurements were obtained on 
concrete samples without prior calibration of the rebound hammer using a 
standard steel anvil, of known mass, or a concrete of known rebound number.
Five measurements were obtained around the concrete face, one at 
each comer and one in the middle, as shown schematically in figure 4.9b. The 
lowest and highest readings were discarded and the remaining three readings 
were averaged to provide one rebound number measurement for the concrete 
sample. This was done to avoid the effects of any rebound measurement 
anomaly, caused by the presence of a local air void or aggregate particle at or
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Figure 4.9 Measurement of rebound number on concrete sample, 
a) sample under load, b) schematics of testing position.
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near the concrete surface at the position of rebound hammer contact with 
concrete. Measurements were obtained starting at 24 hours after concrete 
mixing, when the concrete was deemed to have gained sufficient strength to 
enable impacting the surface for rebound number measurements. 
Measurements were then continued at 2, 3, 7, 14, 21, and 28 days. Rebound 
number measurements were carried out after measuring for UPV and using 
one concrete sample.
4.2.3 Setting of concrete
The penetration resistance test (Proctor test) was used to determine the 
setting of concrete. The method used was based on ASTM C 403/C 403M -  
06 (2006). In this method, after mixing concrete using the procedure described 
in section 4.1.2, samples were prepared by sieving mortar from the fresh 
concrete using a 5.0 mm sieve. The mortar was then thoroughly remixed and 
placed in steel moulds (100x100mm), in 3 layers and tamped 5 times 
uniformly across the surface using a tamping rod. The moulds were filled to 
13 mm from the top edge to allow for the collection and removal of bleeding 
water. This was removed prior to taking a penetration measurement by means 
of a plastic syringe, having tilted the specimen slightly for approximately 2 
minutes with the use of a block under the side for easy collection.
The apparatus shown in figure 4.10 was used to measure the 
penetration load of a probe with 9.52 mm diameter (area 71.18 mm )^. The 
probe was lowered vertically into the mortar sample to a depth of 25mm over 
a 10 second period, using the SATEC Instron (600 kN) loading machine. The 
load penetration resistance was then recorded against the time of loading. The 
time corresponding to setting of concrete can then be determined from the
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probe
Figure 4.10 Penetration resistance method, 
a) probe load penetration, b) probe retraction.
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expression (power function) relating the recorded penetration resistance and 
time. According to ASTM (2006) initial set is indicated by a penetration 
resistance of 3.5 N/mm ,^ corresponding to the change from a fluid to solid 
state, and final set by 27.6 N/mm ,^ representing onset of strength gain. 
Measurements were made at 0.3-0.5 hour intervals. Measurements obtained 
for concrete setting are presented in chapter 5, section 5.6.
4.2.4 Heat development monitoring
The heat generated by the concrete was measured using standard type 
K pre-wired insulated thermocouples, with a PTFE welded tip, shown in 
figure 4.11. These were Im long with an operating temperature range of -50 to 
+250 °C. Certificates of conformity and compliance were provided by 
supplier, RS electronics, and are included in appendix E, section El. The 
materials used in a type K thermocouple are mainly nickel doped with 
aluminium and nickel doped with chromium.
The thermocouples were attached to a Pico Technology (TC-08) 
thermocouple to PC (USB) temperature data logger (figure 4.12), using a 
miniature size thermocouple connector. This was a PC-based temperature data 
logger, which allowed collection, analysis and display of up to 8 
thermocouples. The data logger has USB connectivity. It works with popular 
thermocouple types; B, E, J, K, N, R, S, and T. It has a wide temperature 
range, with 20 bit vertical resolution and built in cold junction compensation. 
No power supply is required, as power is drawn from the USB port. Data can 
be displayed or exported in graphical and numerical form. Min/Max/Average 
or filtered values can be recorded and displayed. Max/Min alarm limits can be 
set for each channel. Further technical specifications relating to the data 
logger and the PicoLog data acquisition software are provided in appendix E, 
sections E2 and E3.
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Figure 4.11 K type PTFE welded tip insulated thermocouple.
K type Thermocouple
thermocouple connector Data logger
»
Figure 4.12 Pico Technology TC-08 thermocouple data logger.
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After the mixing of concrete (w/c=0.5) and placement in the polythene 
bag, within the UHMWPE mould, a thermocouple was placed inside the 
concrete during the compaction process. The thermocouple was always 
inserted in the same position. This was 25mm from the inside mould wall, just 
outside the edge of the path between the transducers, and 52mm from the wall 
containing the transducers. The thermocouple was inserted to a depth of 
50mm from the top of mould. The thermocouple connectors were then 
attached to the data logger, as demonstrated in figure 4.13, and the PicoLog 
software was started. Two thermocouples were attached to the data logger, 
one was for concrete temperature monitoring and the other was for ambient 
temperature measurements. The difference between the two temperatures was 
used in the analysis and discussion for the different concrete types in chapter 
5, section 5.7.
Data were collected for normal, RCA, RA, and lightweight concretes at 
ten minute intervals over a 24 hour period.
Figure 4.13 Continuous heat development monitoring system.
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4.2.5 Concrete creep testing
The mixing and curing for concrete used in the early age creep of 
concrete testing have been described in section 4.1.2.
After de-moulding the concrete prisms, to be used for creep 
investigations (size 100x250mm), two samples were prepared for testing. One 
was a creep test sample, to be placed under sustained and continuous 
compressive load, and the other was a control sample. The remainder of the 12 
prisms were kept under polythene sheets until testing for concrete 
compressive strength. This started at 24 hours and continued up to 28 days 
after mixing. The creep development of concrete was measured on the test 
sample and compared to the control sample using strain measurements. These 
were obtained daily up to 1 week, starting at 1 day after loading (48 hours 
after mixing), and then continued weekly up to 27 days after loading. Non­
destructive testing in the form of UPV measurements was also performed on 
the test and control samples at the same time of strain testing.
4.2.5.1 Creep strain measurements
The strain measurements were carried out on the test and control 
samples using a Demountable Mechanical Strain Gauge (DEMEC), 
manufactured by Mayes (Windsor) with 0.002mm accuracy, and stainless 
steel studs (also known as discs or pips), that would be attached to concrete 
(BS 1881-206:1986,1986), shown in figure 4.14.
This technique was originally developed at the Cement and Concrete 
Association, for measuring strains in concrete structures. The DEMEC gauge 
consisted of a dial gauge mounted and fixed to an invar metal bar. The bar has 
a conical point at either end; one fixed and the other mounted on a knife-edge 
for pivotal movement that activated the dial gauge measurement, when both 
conical points were fitted into the stud point holes.
The studs, which were 5mm in diameter, were fixed to the concrete 
surface using a suitable adhesive. This was Araldite 90 Seconds adhesive, by
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DEME
gauge
Figure 4.14 DEMEC strain gauge and stainless steel studs (discs).
Huntsman Advanced Materials, Basel, Switzerland. It was a two-part epoxy 
adhesive, consisting of a resin and a hardener that when blended 
homogeneously sets within 90 seconds. The blended mix adhesive (specific 
gravity 1.16) reaches minimum shear strength of lON/mm  ^by 60 minutes (at 
23 °C). Further details relating to the adhesive material used and its properties 
are provided in appendix F.
Two studs would be needed to measure the strain over any particular 
length in concrete. Measurements were obtained on two opposing smooth 
concrete sides, which were then averaged to provide a creep strain reading for 
the concrete, at any particular time. Therefore, four studs were attached to 
each of the control and test samples (two per side).
Immediately after attaching the studs to the concrete surface, and 
before setting of the adhesive, they were positioned using a setting-out bar that 
fits into the stud point holes and enables accurate alignment of the studs. The 
alignment of the two studs allows the gauge to locate on the stud points and
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specimen symmetrically, when obtaining measurements. DEMEC gauges can 
have different lengths ranging from 50 to 2000 mm (BS 1881-206:1986, 
1986). The length used throughout this study was 100mm, with each division 
on the gauge equivalent to 16 microstrains. The positions of the studs on the 
concrete prisms used in this research are illustrated by figure 4.15. The figure 
also shows the position of the ultrasonic transducer for UPV measurements 
obtained on concrete prisms (control and test samples).
50 mm
§
100 mm
Measurements from top and right
O  Demec pips
UPV transducer
Figure 4.15 Position of DEMEC gauge studs and UPV transducer measurements.
4.2.5.2 Creep testing setup
The creep testing frame, shown in figure 4.16, consists of two steel 
plates (330x330x25mm) fixed within four steel struts (30x2000mm), with 
steel nuts. On the bottom plate rests a lockable manual loading jack ramp. The
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whole assembly, including the two plates (top and bottom) and the surface of 
the loading jack were accurately levelled using an accurate spirit level.
One hour after attaching the stainless steel studs to the concrete 
surface, the creep test sample was placed between two steel plates 
(100x100mm), and positioned on platens with ball bearings, which were 
placed on a load cell that rests on the loading jack (figure 4.16). The load cell 
was an NCB MRE Type-403 509 KN, 10 Volts input. This was connected to a 
strain indicator and recorder, manufactured by Vishay Micro-Measurements 
(Malvem-USA) model P3, for the display of the load stress level, details of 
which are provided in appendix F, section F2. The concrete sample was then 
brought into contact with the top plate of the frame, by using the loading jack, 
making sure that the top of the concrete and its steel platen were level and 
flush with the frame steel plate.
The control sample was placed next to the frame. Both samples (test 
and control) were under the same ambient environmental conditions, which 
were 22°C and 34% relative humidity (measured using Digitron-DRT880 
Thermo Hygrometer).
Before starting the creep load application and testing, DEMEC gauge 
measurements were obtained for the initial strain of the test concrete. Strain 
measurements were also obtained for the control concrete. Measurements 
would continue to be acquired for both samples, at the same time. 
Compressive load stress was then applied to the test concrete at 30% of its 
compressive strength, measured prior to load application on a separate 
specimen (one of the 12 kept under polythene near apparatus) using an Avery- 
Birmingham (100 ton) loading machine. The loading jack ramp was then 
locked and the stress maintained until the next creep strain measurement. The 
stress was then increased further, after crushing another sample for strength 
measurement. This was repeated daily up to 1 week and then weekly up to 3 
weeks. Following the measurements of strain, UPV testing was carried out on 
the test and control concretes.
85
Chapter 4 Experimental methods and instrumentation
Steel plate
Steel struts
Stainless
steel
studs
Compressive 
load display
_Vertical
support
bracket
0Load cell
Loading
jack ramp
Samples for
compressive ^
strength
Steel plate
Steel nuts
Control
sample
PUNDIT
Figure 4.16 Early age concrete creep setup, 
a) Overall arrangement, b) Close up of the test and control concretes.
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The method for early age concrete creep testing and the measurements 
obtained for strain and UPV were applied to all the different aggregate type 
concretes considered in this research, at w/c ratio 0.5 for direct comparisons 
between the different concretes. Results and analysis obtained for the different 
concrete types are presented in chapter 6.
4.3 Statistical assessment
The significance of comparisons between normal (gravel) concrete, 
which is the control concrete, and each of the alternative aggregate concretes 
(RCA, recycled asphalt, and Lytag concretes) were evaluated using statistical 
testing. These were the t-test, for normally distributed data, and the non- 
parametric Mann-Whitney test, for data that were not normally distributed. 
Both tests provide P value significance at less or equal to 0.05. Apart from 
continuously acquired UPV measurements, all data were normally distributed. 
The software used for statistical analysis was Minitab 16. Normally 
distributed data would fit to a straight line in a normal distribution plot. The 
Kolmogorov-Smimov test for normality was used, with significance value 
greater than 0.05 representing normally distributed data. The detailed results 
output obtained for the normal distribution and significance analysis are 
provided in Appendix G.
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The results and analysis of investigations into using UPV and rebound 
number measurements during the early age, on concretes made with normal 
(gravel), recycled concrete aggregate (RCA), recycled asphalt (RA), and 
lightweight (Lytag) aggregates, are presented in this chapter. The aim is to 
establish the use and application of non-destructive testing during the early 
age on these concretes. Early age here is the period starting from immediately 
after mixing and up to 28 days. It is also the aim to assess the feasibility of 
using these NDT measurements, especially UPV, to estimate the setting, onset 
of strength gain, and early strength of concretes, made with these four types of 
aggregate. The information will assist the industry in accurately assessing 
when formwork and falsework can be removed and in managing the quality of 
concrete up to an age of 28 days.
Measurements were carried out on concretes made with water/cement 
ratios of 0.4, 0.5, 0.6, and 0.7. The UPV values were obtained immediately 
after mixing using the continuous monitoring system, described in chapter 4, 
and intermittently using hardened concrete samples. Strength measurements 
were obtained as soon as the concrete started to gain strength, 5-6 hours after 
concrete mixing, which depended on the concrete type and composition. The 
rebound number was obtained on hardened concrete samples 24 hours after 
mixing, to ensure the concrete’s surface was of sufficient strength to enable 
the measurement of its hardness.
Setting of concrete, which is the change from fluid to solid state, was 
measured using the ASTM (2006) Penetration Resistance test (Proctor test), 
described in chapter 4. According to this test setting (initial) is reached when a
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penetration resistance pressure of 3.5 N/mm  ^ is reached. Hardening of 
concrete (final setting) occurs when a penetration resistance of 27.6 N/mm  ^is 
reached.
NDT and strength measurements for the different mixes are presented, 
first, for normal weight concrete, which is then followed by those for RCA, 
recycled asphalt, and lightweight concretes. Comparisons between the 
different concrete types are then considered with correlations for early age 
setting and strength development.
5.1 Compressive strength variation with mix proportion
The variation in water/cement ratio with strength of concretes made 
with gravel, RCA, recycled asphalt, and Lytag aggregate is considered below.
5.1.1 Normal (gravel) concrete
The variation of compressive strength of normal concrete with age for 
water/cement ratios 0.4-0.7 are shown in figure 5.1a, for measurements taken 
up to 11 hours after mixing, and figure 5.1b, for measurements obtained at 1 
day and up to 28 days after mixing. The rate of change in strength during the 
first 24 hours (figure 5.1a) is very much higher than that for concrete 
measured at later ages, 1-28 days (figure 5.1b). This coincides with the rate of 
hydration reaction of concrete being at its maximum during those early hours 
after mixing. Strength increases at an increasing rate depending on the w/c 
ratio up to 11 hours. Thereafter (24 hours - 28 days) behaviour is more 
conventional as demonstrated in figure 5.1b. The expected higher strength for 
lower w/c ratio is obtained throughout.
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5.1.2 RCA concrete
A high rate of increase in strength during the first eleven hours after 
mixing followed by more conventional behaviour from 24 hours to 28 days 
was also obtained for RCA concrete (figure 5.2 a and b). As with normal 
concrete the strength increases as the water/cement ratio is reduced. The 
variation in early age strength of RCA concrete has been presented by the 
author (Latif Al-Mufti, 2012) in comparison to normal concrete.
Generally, lower strength values were obtained for RCA concrete than 
normal concrete, for all water/cement ratios at the age of 1-28 days (figure 5.2 
b). This complies with findings by Chakradhara Rao, Bhattacharyya and Barai 
(2011) and Sri Ravindrajah, Loo and Tam (1988) on RCA concrete tested at 
7-90 days. However, for higher water/cement ratios (0.6 and 0.7) the 
difference in strength between the two concretes becomes reduced. This might 
relate to the higher water absorbency of RCA aggregate being more effective 
as the water content increases. The reduction in RCA concrete strength with 
the increase in water/cement ratio is similar to that obtained by Sri 
Ravindrajah, Loo and Tam (1988) for all RCA concrete.
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Figure 5.1 Compressive strength variation with early age for normal concrete
with varying water/cement ratios, a) for fresh concrete, b) for
hardened concrete.
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Figure 5.2 Compressive strength variation with early age for RCA concrete with
varying water/cement ratios, a) for fresh concrete, b) for hardened
concrete.
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5.1.3 Recycled asphalt concrete
The compressive strength of concrete containing 20 mm recycled 
asphalt as aggregate and tested for varying water/cement ratios is shown in 
figure 5.3 (a and b). Similar to normal and RCA concretes the rate of change 
in strength during the first 24 hours (figure 5.3a) is much higher than that for 
concrete measured at later ages, i.e. 1-28 days (figure 5.3b), In compliance 
with other types of aggregate, recycled asphalt concrete strength increases 
with a reduction in water/cement ratio, over all testing ages. During the early 
development of concrete strength (figure 5.3a) similar values are obtained for 
recycled asphalt concrete as for RCA concrete (figure 5.2a), which in turn are 
similar to those for normal concrete (figure 5.1a). Beyond 24 hours (figure 
5.3b) strength measured for recycled asphalt concrete is lower than for RCA 
concrete and much lower than normal concrete, for all concrete mixes. This 
complies with Hassan, Brooks and Erdman (2000) and Huang, Shu and Li 
(2005), chapter 2 (figure 2.7). In all the above concrete types (normal, RCA, 
and recycled asphalt) there is greater difference between the strength obtained 
for the lower water/cement ratio concrete (w/c 0.4) compared with the other 
mixes.
5.1.4 Lightweight (Lytag) concrete
Figure 5.4 (a and b) shows the strength variation with water/cement 
ratio for lightweight concrete. There is the accustomed increase in strength 
with a decrease in the water/cement ratio. Also as with all the above concretes, 
the strength has a higher rate of increase in strength, for any particular mix, 
during the very early age (0-11 hours) in comparison to strength development 
after 1 day. Lytag concrete appears to have higher strength values than normal 
concrete, during the very early age (figure 5.4a). This is then followed by 
similar strength measurements for both lightweight and normal weight 
concretes (figures 5.4b and 5.1b). This is different from other lightweight 
concretes that contain Pellite (volcanic glass, Bungey and Madandoust, 1994)
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Figure 5.3 Compressive strength variation with early age for recycled asphalt
concrete with varying water/cement ratios, a) for fresh concrete, b)
for hardened concrete.
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Figure 5.4 Compressive strength variation with early age for lightweight concrete
with varying water/cement ratios, a) for fresh concrete, b) for
hardened concrete.
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and Leca (Light Expanded Clay) aggregates, (Chang, Lin, Chang and Hsiao, 
2006), which produces lower strengths than normal concrete, as shown in 
chapter 2 figure 2.7 for Leca lightweight concrete. As with the other concrete 
types, the difference in concrete strength between the different water/cement 
ratio mixes decreases as the water/cement ratio increases (figure 5.4 b).
5.1.5 Comparison between the different concretes for strength
The variation in strength between concretes made with gravel, RCA, 
recycled asphalt, and Lytag aggregates are outlined by figure 5.5 for w/c 0.4, 
figure 5.6 for w/c 0.5, figure 5.7 for w/c 0.6, and figure 5.8 for w/c 0.7. 
Compressive strength comparisons between alternative aggregate concretes 
and normal (gravel) concrete as control, using statistical t-test for significance 
P value, are listed in table 5.1 for all the water/cement ratios. The statistical 
testing and P value significance are outlined in section 4.3 (chapter 4).
During the very early age (0-11 hours after mixing) strengths produced 
by lightweight concrete are higher than other concretes for all water/cement 
ratios considered (figures 5.5a, 5.6a, 5.7a, and 5.8a). Compared with normal 
(gravel) concrete, these increases in strength are statistically not significant 
(P > 0.05, table5.1) for any of the w/c ratios considered. The higher values of 
strength might be due to the very high water absorbency associated with Lytag 
aggregate (15%) resulting in stiffer and harder lightweight concrete, earlier 
than other concretes especially recycled asphalt concrete, which has minimal 
water absorbency (0.5%) and produced lower strengths (non-significant P > 
0.05 for all w/c ratios, table 5.1). Similar values were obtained for normal and 
RCA concretes (non-significant with P > 0.05 for all w/c ratios, table 5.1), 
which might be attributed to the slightly higher water absorbency associated 
with recycled concrete aggregate (5.35%) resulting in a stiffer RCA concrete 
than normal at this stage and elevating its compressive strength to that of 
normal concrete.
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Beyond 24 hours and for all water/cement ratios (figures 5.5b, 5.6b, 
5.7b, and 5.8b) similar strengths were obtained for lightweight and normal 
concretes (P > 0.05, table 5.1). However, RCA concrete produced lower 
strengths than normal concrete, and lower still were the strengths obtained for 
concrete containing recycled asphalt aggregate. The difference in strength 
between these two concretes and normal concrete increases with age, 
significantly for RA concrete w/c ratios 0.4 and 0.5 with P < 0.05 but not 
significant for the other w/c ratios and for RCA concrete with P > 0.05 (table 
5.1). For RCA concrete the differences at 1 day and 28 days are 0.5 and 6 
N/mm  ^for w/c 0.4, 4 and 6 N/mm  ^for w/c 0.5, and 1 and 3 N/mm  ^for w/c 
0.6 and w/c 0.7. For recycled asphalt concrete the strength differences with 
normal concrete at 1 day and 28 days are 5 and 18 N/mm  ^for w/c 0.4, 5 and 
14 N/mm  ^for w/c 0.5, 0.5 and 9 N/mm  ^for w/c 0.6, and 1 and 8 N/mm  ^for 
w/c 0.7. The difference between the concretes reduces as the water/cement 
ratio increases; with the effects of the varying aggregates properties receding 
as the strength of the cement paste becomes more prevalent.
The above comparisons between the different concretes show that, for 
all the water/cement ratios considered, prior to 24 hours after concrete mixing 
the strength development of concrete is mainly due to the stiffening and 
hardening of cement paste, resulting from the cement hydration process. This 
is mainly influenced by the aggregate absorption capability, with more porous 
aggregates withdrawing more water from the surrounding paste matrix and 
resulting in the early stiffening and hardening of cement paste. This is evident 
from the higher concrete strengths produced by the more absorbent 
aggregates. At this very early stage, the development of strength appears to be 
less dependent on the aggregate bond with paste matrix.
Beyond 24 hours, the cement paste would have hardened sufficiently 
for the effects of bonding, between aggregate and mortar matrix, on concrete 
strength to become increasingly prominent. Weakness at the aggregate paste 
interface would induce more cracks earlier and therefore weaker concrete. The 
bond can be affected by the aggregate properties including its surface
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properties and texture (Neville, 2003). The weakness of bond is demonstrated 
by recycled concrete and recycled asphalt aggregates. In the case of recycled 
asphalt it is the smooth impermeable surface of the bituminous aggregate that 
promotes the weak bond with the paste and helps to induce cracks at lower 
stresses. For recycled concrete aggregate, the weakness in the bond between 
aggregate and paste can be caused by the presence of impurities (e.g. glass, 
wood-chippings, asphalt, and bricks) and loose mortar particles on the surface 
surroimding the recycled concrete aggregate. On the other hand, Lytag 
aggregate in lightweight concrete induces strength of bond. Lytag is 
essentially sintered fly ash, which might chemically react with Portland 
cement, resulting in improved bond with surroimding cement paste (Bamforth, 
1987). In addition, the high porosity of Lytag would provide more moisture 
within the concrete body for longer, resulting in more fully hydrated cement 
paste. The porous texture of Lytag would also help the cement gel to embed 
into the aggregate surface, hence improving the physical bonding with matrix, 
and in combination with the roughly spherical shape of the aggregate would 
reduce the tendency for microcracking. Husem (2003) suggested that the bond 
between lightweight aggregate and cement paste increases with pore volume 
and the surface roughness of aggregate.
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Figure 5.5 Strength comparison between the different concrete types for w/c 0.4
a) for fresh concrete, b) for hardened concrete.
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Figure 5.6 Strength comparison between the different concrete types for w/c 0.5
a) for fresh concrete, b) for hardened concrete.
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Figure 5.7 Strength comparison between the different concrete types for w/c 0.6
a) for fresh concrete, b) for hardened concrete.
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Figure 5.8 Strength comparison between the different concrete types for w/c 0.7
a) for fresh concrete, b) for hardened concrete.
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Table 5.1 Strength comparison of alternative aggregate concretes with normal 
concrete (control) using statistical t-test, P value significance.*
w/c ratio
Recycled
Concrete
Aggregate
Recycled
asphalt Lytag
0-1 day
0.4 0356 &524 0.131
0.5 0.716 &586 0.527
0.6 0J52 0.258 (1243
0.7 0.131 0.087 0.629
1-28 days
0.4 0.344 0.011 0.951
0.5 0.319 0.035 (1976
0.6 0.850 (1165 (1165
0.7 (1337 0.087 (1723
* Detailed results output obtained for the normal distribution and significance analysis are 
provided in Appendix G.
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5.2 Ultrasonic pulse velocity variation with mix proportion
UPV measurements obtained using the continuous computerised 
system described in chapter 4, on fresh concrete, and intermittently on 
hardened samples at 1-28 days, are presented here for normal, RCA, recycled 
asphalt, and lightweight concretes, for w/c ratios 0.4-0.7. Comparisons 
between the different concrete types are then carried out.
5.2.1 Normal (gravel) concrete
The UPV variation with age for normal concrete made with different 
water/cement ratios is shown in figure 5.9 (a and b). Initially, at the fluid stage 
the UPV has a value of 0.6 km/sec for w/c ratio of 0.4 and 0.5 km/sec for w/c 
ratios 0.5, 0.6, and 0.7 (figure 5.9a). These are much less than the UPV for 
water at 1.48 km/sec, which is due to the high attenuation present at this stage 
of concrete development, caused by the presence of suspended cement 
particles, resulting in a very low pulse velocity. With all the gravel concrete 
mixes considered the UPV values start to increase after a small relatively flat 
plateau region. Increases commenced 2.5 hours after mixing for w/c 0.7, 2 
hours for w/c 0.6,1.6 hours for w/c 0.5, and 1.0 hour for w/c 0.4 (figure 5.9a). 
This plateau is longer for higher w/c ratios, reflecting the delay in the start of 
concrete setting and hardening development associated with the higher w/c 
ratios.
The UPV rate increases between 4-7 hours after concrete mixing, 
depending on the water/cement ratio, thereafter increasing but at a lower rate, 
up to 28 days (figure 5.9b). The general form of UPV increase during very 
early age is similar to that obtained by Zhang et al. (2012) (figure 2.8, chapter 
2).
At any stage during the first few hours the UPV is higher for lower w/c 
ratios (figure 5.9a). Between 6-9 hours, the difference between mixes reduces 
slightly. However, the UPV values continue to be higher for lower w/c ratios
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Figure 5.9 UPV variation at early age for normal concrete with varying
w/c ratios, a) for fresh concrete, b) for hardened concrete.
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Up to 28 days, as demonstrated by figure 5.2b. The trend after 24 hours agrees 
with findings obtained by others (Bungey, Millard and Grantham, 2006). 
Generally, this behaviour might be due to the higher cement content 
associated with lower water/cement ratios resulting in an increase in hydration 
products, which fill more of the pores, and increase the associated elasticity of 
concrete, all of which helps to increase the velocity of the ultrasonic pulse 
travelling through the material. This corresponds with the strength behaviour 
with variation in w/c ratios (figure 5.1b, section 5.1.1).
5.2.2 RCA concrete
Analogous to normal concrete the UPV for RCA concrete increases at 
a growing rate, particularly for the first few hours after mixing, but then the 
rate slows up to 28 days (figure 5.10 a and b). As with normal concrete, the 
UPV becomes higher with a reduction in w/c ratio. Lower UPV values are 
obtained for RCA than normal concrete, throughout the testing period and for 
all w/c ratios. This might be attributed to the ultrasonic pulse being weakened 
when travelling through RCA concrete, due to the porous RCA and the 
weaker interface between mortar and aggregate. The ultrasonic pulse tends to 
travel through the denser parts of a material and around the pores along its 
path.
With fresh concrete the UPV has a value of 0.5-0.6 km/sec, which 
increases after a small plateau that lasts for 1.17 hours after concrete mixing 
for w/c 0.4, 1.33 hours for w/c 0.5, 1.7 hours for w/c 0.6, and 1.8 hours for 
w/c 0.7. These plateaus are narrower than those for normal concrete, reflecting 
the earlier development of RCA concrete stiffening, which is a result of the 
higher RCA porosity compared to gravel.
The rate of change in UPV during the early age and its relationship to 
the w/c ratio agrees with that of strength over the same period (figure 5.2 a 
and b, section 5.1.2). Early age UPV variation for RCA concrete in relation to 
normal concrete has been outlined by the author (Latif Al-Mufti, 2012).
106
Chapter 5 Non-destructive assessment o f early age
concrete development
4.5
3.5 —4— ws^ c = 0.4 
— Wc = 0.5
* \a//c = 0.6
♦ w/c = 0.7
2.5
1.5
0.5
Age (hours)
5.0 —
4. 8 ---------
4. 6 ---------
40
3.8
3.6
—4— w/c = 0.4 
—♦ — w/c = 0.5 
“ w/c = 0.6 
- -♦ - w/c = 0.73.0 
2.8 
2.6 
2.4 
2.2
2.0
Age (days)
Figure 5.10 UPV variation at early age for RCA concrete with varying
w/c ratios, a) for fresh concrete, b) for hardened concrete.
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5.2.3 Recycled asphalt concrete
Figure 5.11 (a and b) shows the UPV variation with age for recycled 
asphalt concrete with w/c ratios 0.4-0.7. The UPV measurements follow 
similar trends to that for normal and RCA concretes, outlined above, with 
increase in UPV for reduction in w/c ratio.
As with normal concrete, at the start of testing, UPV has a value of 0.6 km/sec 
for w/c ratio 0.4 and 0.5 km/sec for w/c ratios 0.5, 0.6, and 0.7 (figure 5.1 la). 
These values form part of the plateau stage, which continues for 1.5 hours 
after mixing for w/c 0.4, 1.83 hours for w/c 0.5, 2.0 hours for w/c 0.6, and 
2.25 hours for w/c 0.7. This continues longer than for normal and RCA 
concretes and therefore would indicate slower initial strength development of 
fresh recycled asphalt concrete. For all the w/c ratios considered, UPV 
measured on recycled asphalt concretes are lower than those for normal 
concretes. This indicates that replacing 20mm gravel with 20mm recycled 
asphalt causes further delays to the ultrasonic pulse, as it travels through the 
bitumen surrounding the gravel aggregates and over the weaker interface 
between asphalt aggregate and paste (see section 5.1.5).
5.2.4 Lightweight (Lytag) concrete
The UPV variation with age for lightweight concrete made with 
different w/c ratios are shown in figure 5.12a, for 0-20 hours, and figure 
5.12b, for 1-28 days. The trend of increase in UPV with age and with w/c ratio 
reduction is similar to that obtained for the other concrete types. After an 
initial UPV of 0.8 km/sec for w/c 0.4 and 0.5 km/sec for w/c ratios 0.5, 0.6, 
and 0.7, the plateau section continues for 1.1 hours for w/c 0.4,1.35 hours for 
w/c 0.5,1.7 hours for w/c 0.6, and 2.3 hours for w/c 0.7. This demonstrates an 
earlier strength development when measured using UPV for lightweight than 
normal concrete, which can be attributed to early stiffening of the cement 
paste surrounding the high water absorbing Lytag aggregate. The rate of 
increase in UPV continues to 2.5-5 hours after mixing (figure 5.12a), for the 
different mixes, which is also earlier than for normal concrete.
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Figure 5.11 UPV variation at early age for recycled asphalt concrete with varying
water/cement ratios, a) for fresh concrete, b) for hardened concrete.
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Figure 5.12 UPV variation at early age for lightweight (Lytag) concrete with
varying water/cement ratios, a) for fresh concrete, b) for hardened
concrete.
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Despite the earlier detection of strength development using UPV, 
lower UPV values are obtained for lightweight concrete than other concrete 
types, for all the w/c ratios considered and at all ages.
5.2.5 Comparison between the different concretes for UPV
A comparison has been made using UPV values obtained for normal, 
RCA, recycled asphalt, and lightweight concretes with w/c ratio 0.4 (figure 
5.13 a and b), w/c ratio 0.5 (figure 5.14 a and b), w/c ratio 0.6 (figure 5.15 a 
and b), and w/c ratio 0.7 (figure 5.16 a and b). UPV values have been analysed 
statistically, using Mann-Whitney test on continuous UPV and t-test on 
intermittent UPV measurements (section 4.3, chapter 4), and the resulting 
significance P values are listed in table 5.3.
Attenuation tends to be greater at early stages of concrete development, 
due to the presence of suspended cement and aggregate particles (fluid stage) 
as well as scattering, absorption and reflection of the pulse at the paste- 
aggregate interfaces (section 2.2, chapter 2).
After mixing, UPV values for recycled asphalt concrete are similar to 
normal concrete up to 2.5 hours for w/c ratio 0.4 (figure 5.13a), 3.5 hours for 
w/c 0.5 (figure 5.14a), 4.5 hours for w/c 0.6 (figure 5.15a), and 5.5 hours for 
w/c 0.7 (figure 5.16a). UPV for RCA concrete are similar to normal concrete 
for 2 hours after mixing, for w/c ratio 0.4 (figure 5.13a), and 3.5 hours, for w/c 
ratio 0.5 (figure 5.14a). Lightweight concrete has similar UPV to normal 
concrete up to 2.5 hours after mixing, for w/c ratio 0.4 only (figure 5.13a). 
The similarity in these UPV values might reflect the weakness of the 
attenuated ultrasonic pulse during these early hours, as it mainly travels 
through the mortar matrix during its stiffening and setting.
For higher w/c ratio mixes with Lytag (w/c ratio 0.5-0.7) and RCA 
(w/c 0.6 and 0.7), during the early hours after mixing, the UPV values are 
higher than for other concretes, with higher UPV for Lytag than RCA concrete 
(figures 5.14a, 5.15a, and 5.16a). This behaviour might be attributed to two 
main effects. Firstly, the high absorption capabilities of both aggregates, Lytag
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(15%) and RCA (5.35%), would increase the stiffness of their respective 
concretes, as they draw more moisture from the surrounding matrix, which 
would help improve the strength of the ultrasonic pulse and therefore its 
propagation speed. This would become more pronounced as water content 
increases with higher w/c ratios. Secondly, as the w/c ratio increases the 
attenuation and scatter noise of the ultrasonic pulse increases, with the rise in 
particle suspension. Aggregates with large porosity, such as Lytag and RCA, 
would also have high acoustic absorption coefficients and, therefore, low 
acoustic reflection. These are listed in table 5.2, for gravel (Swenson Jr, White, 
Oelze, 2010), RCA (Pitre, 2007), recycled asphalt (Tiwari, Shukla and Bose, 
2004), and Lytag (Lytag, 2004; Pitre, 2007). The low reflection of acoustic 
signal would help to reduce the acoustic scatter and noise, hence improving 
the strength of the pulse and its detection speed.
As the concrete continues to set, harden, and gain strength the level of 
attenuation decreases and the strength of the ultrasonic pulse increases to such 
an extent that the acoustic absorption properties of the aggregate becomes less 
critical. At some point, the absorption of the ultrasonic wave energy would 
even hinder the acoustic speed by weakening the propagating pulse. This is 
reflected in the reduction of the rate of UPV increase for Lytag and RCA 
concretes, after the earlier increase at higher w/c ratios, reaching similar 
values to normal concrete by 3.75 hours (w/c 0.5), 5.5 hours (w/c 0.6), and 7 
hours (w/c 0.7) for Lytag concrete and 5 hours (w/c 0.6), and 6.5 hours (w/c 
0.7) for RCA concrete.
Beyond the points when the UPV of normal and the other concretes is 
similar, for all w/c ratios, the rate of increase in UPV continue to decline 
resulting in lower UPV for Lytag than RCA concrete, both being lower than 
recycled asphalt concrete, and all lower than normal concrete. The differences 
are significant, for all w/c ratios, with P < 0.001 for RCA concrete, P < 0.05 
for RA concrete, and P < 0.0001 for Lytag concrete (detailed listing in table
5.3). The start of these reductions in UPV represent the increasing influence of 
coarse aggregate, its properties, and its bond with the mortar matrix, on the
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ultrasonic pulse propagation in concrete, as it travels through and/or around 
the aggregate.
The difference in UPV between the different concretes continues in the 
period 1-28 days (figures 5.13b, 5.14b, 5.15b, and 5.16b). For all the w/c 
ratios considered, the percentage reduction in UPV from normal concrete is 
3.02-5.37 % for recycled asphalt concrete (not significant with P > 0.05, table
5.3), 6.77-13.67 % for RCA concrete (significant with P < 0.01, table 5.3), 
and 23.7-31.9 % for lightweight concrete (significant with P < 0.001, table
5.3). Lightweight concrete has the lowest UPV values, which is due to the 
high pore content, low density, and low elastic modulus of Lytag, all of which 
would result in a reduction of UPV. The UPV behaviour for recycled asphalt 
and lightweight concretes deviates from that of strength for these concretes 
(figures 5.5b, 5.6b, 5.7b, and 5.8b, section 5.1.5). Lytag, with its low density 
(746-921 kg/m )^, resulted in concrete that has low UPV value, but strengths 
that are similar to gravel concrete. The use of 20mm recycled asphalt resulted 
in concrete with higher UPV than the other alternative aggregate concretes, 
but weaker strengths. This shows that the effects of certain properties, such as 
density, can have an overriding influence, compared to the effects of strength, 
on UPV measurements.
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Figure 5.13 UPV comparison between the different concrete types for w/c 0.4
a) for fresh concrete, b) for hardened concrete.
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Table 5.2 Acoustic absorption coefficients of aggregate.
Aggregate Type
Acoustic absorption 
coefficient
(S)
Acoustic reflection 
coefficient
(1-S)
Gravel 0.39 0.61
Recycled asphalt 0.19 0.81
Recycled Concrete 
Aggregate 0.8 0.2
Lytag 0.9 0.1
Table 5.3 UPV comparison of alternative aggregate concretes with normal 
concrete (control) using statistical P value significance.*
w/c ratio
Recycled
Concrete
Aggregate
Recycled
asphalt Lytag
0-1 day
0.4 0.0000 0.0049 0.0000
0.5 0.0000 0.0007 0.0000
0.6 0.0005 0.0113 0.0000
0.7 0.0001 0.0134 0.0000
1-28 days
0.4 0.001 0.081 0.000
0.5 0.002 0.137 0.000
0.6 0.004 0.144 0.000
0.7 0.006 0.180 0.000
* Detailed results output obtained for the normal distribution and significance analysis are 
provided in Appendix G.
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5.3 Rebound number variation with mix proportion
Rebound hammer measurements were obtained on concrete samples 
starting at 24 hours after mixing, when they were considered to have gained 
enough strength to enable surface hardness testing. Results for the varying 
concrete types and w/c ratios up to 28 days, with comparisons between the 
different concretes, are presented in this chapter.
5.3.1 Normal (gravel) concrete
Figure 5.17 shows the rebound number for different water/cement 
ratios for normal concrete. For any particular mix of concrete the rebound 
number increases with age, due to the increase in its surface hardness, which 
is a reflection of its general hardening as it continues to mature. As with 
strength measurements (section 5.1.1), the rebound number increases with a 
reduction in the water/cement ratio, which agrees with findings by Kim, J.K. 
Kim, Yi and Lee (2009) on gravel concrete (w/c ratios 0.28-0.68).
5.3.2 RCA concrete
As with normal concrete, surface hardness of RCA concrete increases 
with age for all w/c ratios, as demonstrated by the rebound numbers in figure 
5.18. It also increases with a reduction in the w/c ratio.
The variation in rebound number between the different mixes is lower 
for RCA concrete than gravel concrete, with maximum difference in rebound 
number of 7 for RCA concrete and 8 for normal concrete. The lesser 
difference being due to RCA’s porous nature that results in stiffer RCA than 
gravel concrete, especially at higher w/c ratios, which was outlined by the 
author (Latif Al-Mufti, 2012).
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Figure 5.18 Rebound number variation at early age for RCA concrete with 
varying water/cement ratios.
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5.3.3 Recycled asphalt concrete
For concrete containing 20mm recycled asphalt aggregate, the rebound 
number variation with age for the different w/c ratios is shown in figure 5.19. 
The surface hardness follows a similar trend to that for gravel and RCA 
concretes, with an increase with age and reduction in w/c ratio.
There is a greater difference in rebound number between the different 
mixes of recycled asphalt concrete than the other concretes, with a maximum 
difference of 9 compared to 8 for normal concrete.
5.3.4 Lightweight (Lytag) concrete
Similar to the other concrete types, surface hardness for lightweight 
concrete increases with age of concrete and reduction in its w/c ratio, as 
demonstrated by figure 5.20. The lowest difference in rebound number 
between the four mixes is associated with Lytag concrete, with a maximum 
difference of 6.5 compared to 8 for gravel concrete.
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Figure 5.19 Rebound number variation at early age for recycled asphalt concrete 
with varying water/cement ratios.
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Figure 5.20 Rebound number variation at early age for lightweight (Lytag) 
concrete with varying water/cement ratios.
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5.3.5 Comparison beWeen the different concretes for rebound number
The variation in surface hardness between the four concrete types are 
further demonstrated by figure 5.21 for w/c ratio 0.4, figure 5.22 for w/c ratio 
0.5, figure 5.23 for w/c ratio 0.6, and figure 5.24 for w/c 0.7. Comparisons 
between rebound number measurements for RCA, RA, and Lytag concretes 
with normal concrete, using t-test for statistical significance (section 4.3, 
chapter 4), are listed in table 5.4.
The highest surface hardness is produced by lightweight concrete made 
with Lytag aggregate, which has very high water absorption (15%), 
withdrawing moisture from its vicinity and resulting in stiffer matrix that 
produces higher rebound numbers. As the w/c ratio increases the effects of 
aggregate pore content becomes more influential and the difference in 
rebound number between the concretes becomes more evident (figures 5.21- 
5.24). This is further demonstrated by the significant difference in the rebound 
number between Lytag and normal concretes at w/c ratios 0.6 and 0.7 (P < 
0.05, table 5.4). Concrete with aggregate that has higher pore content would 
produce higher surface hardness. Throughout the period 1-28 days, higher 
rebound numbers are obtained for RCA concrete than gravel concrete (non­
significant P < 0.05, table 5.4), which in turn is higher than recycled asphalt 
concrete (non-significant P < 0.05, table 5.4). This corresponds to water 
absorption of 5.35% for RCA, 2.18% for 20mm gravel, and 0.5% for 20mm 
recycled asphalt.
Rebound number deviates in its behaviour with aggregate type from 
concrete strength (section 5.1.5). This strongly implies that surface hardness 
measurement reflects concrete properties and behaviour near the surface and 
not of the internal bulk of concrete. This is contrary to findings by Topçu and 
§engel (2004) where both rebound number and strength decreased as sand and 
gravel were replaced by RCA. The findings obtained in this study and 
presented above support suggestions by Bungey Millard and Grantham (2006) 
that rebound number is influenced more by the hardened cement paste near
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the surface, whereas, strength is influenced by aggregate characteristics and 
nature as well as the hardened paste, as demonstrated earlier for strength 
results (section 5.1.5).
w/c = 0.4
♦  Normal
♦  RCA
♦  Recycled Asphalt
♦  Lightweight
Age (days)
Figure 5.21 Rebound number comparison between the different concrete types 
for w/c 0.4.
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♦  Recycled Asphalt
♦ Lightweight
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Figure 5.22 Rebound number comparison between the different concrete types 
for w/c 0.5.
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Figure 5.23 Rebound number comparison between the different concrete types
for w/c 0.6.
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Figure 5.24 Rebound number comparison between the different concrete types 
for w/c 0.7.
Table 5.4 Rebound number comparison of alternative aggregate concretes 
with normal concrete (control) using statistical P value 
significance.*
w/c ratio
Recycled
Concrete
Aggregate
Recycled
asphalt Lytag
0.4 0.972 0.901 (1458
0.5 0.677 0.297 (1268
0.6 0.217 0.574 0.027
0.7 0.292 (1453 (1042
* Detailed results output obtained for the normal distribution and significance analysis are 
provided in Appendix G.
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5.4 Relationship between compressive strength and UPV
All the UPV measurements obtained, from immediately after mixing 
and up to 28 days, for all the mix proportions have been correlated with 
compressive strength for normal, RCA, recycled asphalt, and lightweight 
concretes (figure 5.25). These correlations take the form of an exponential 
relationship, with both strength and UPV showing increases as the concrete 
matures. For any strength value a much lower UPV is obtained for lightweight 
concrete than for other concretes, which highlights the effects of density on 
UPV and its influence on the strength and UPV relationship. The relationships 
provide very high correlation coefficients (R )^ of 0.98 for normal concrete, 
0.98 for RCA concrete, 0.97 for recycled asphalt concrete, and 0.97 for 
lightweight concrete. These correlations can be expressed, for the concrete 
mixes and data range considered, as:
R = 0.0069e^ '^ '^‘^  ^ for normal concrete, (5.1)
R = 0.0093e^^^^  ^ for RCA concrete, (5.2)
R = 0.0116e^ '^ °^ ^^  for RA concrete, (5.3)
and R = 0.0036e^ ^^ ^^  ^ for Lytag concrete (5.4)
Where R = Compressive strength (N/mm^),
V = Ultrasonic pulse velocity (km/sec).
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RCA concrete 
Recycled Asphalt concrete 
Lightweight concrete 
Combined (RA-Normal) 
Combined (RA-RCA-Normal)
UPV (km/sec)
Figure 5.25 Compressive strength correlation with UPV for all concretes.
From figure 5.25, it can be seen that it is also possible to provide combined 
correlations for normal and recycled asphalt concrete measurements, with 
of 0.96 and significant differences between the concretes with P = 0.05, and 
normal and RCA and recycled asphalt concrete measurements, with R^  of 0.95 
and significant differences between the concretes with P = 0.047. These are 
good correlations, albeit slightly lower than the specific correlations for each 
concrete. The expressions for the combined correlations are:
R = 0.0092e 1.7681V for normal and RA concretes. (5.5)
and R = 0.0112e 1.7578V for normal and RCA and RA concretes (5.6)
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The hardening phase and early strength development of concrete can 
be indicated by the onset of strength gain. Although, one may consider the 
onset of strength gain to occur when a strength value above zero is reached, 
such as 0.1 N/mm ,^ in this study it is taken to be the value of 0.870 N/mm  ^
compressive strength measured on 100x100mm cube (Neville, 2003; BS EN 
206-1:2000, 2000), or a cylinder compressive strength of 0.7 N/mm  ^(Neville, 
2003). This is equivalent to the final setting of concrete, measured in 
accordance with ASTM (2006), representing 27.6 MPa resistance to 
penetration of mortar sieved from concrete, as described in chapter 4.
From the above expressions, the onset of strength gain occurs at the 
UPV values listed in table 5.5, for all individual and combined concrete 
correlations.
The above expressions for early age concrete means it should be 
possible to obtain certain strength values at particular ages that are important 
in the development of concrete structures, whether on-site or in concrete 
factories, from their corresponding UPV values. For example in concrete 
construction the formwork might be struck if the concrete has reached a 
strength of 10 N/mm  ^(CS, 1995). From the above equations this corresponds 
to the UPV values listed in table 5.5, for all concretes and combinations. 
Knowing this would result in an earlier and more timely release of the 
concrete, which would have practical and economical benefits.
The above relationships were obtained from measurements on 
concretes during the fresh and hardened stages (0-28 days). Similar 
relationships were obtained, for all concretes, during only the fresh stage and 
up to 1 day after mixing. These are listed in table 5.6 with their respective 
correlation coefficients, which indicate good correlations. The table also 
include UPV values indicating the onset of strength gain (at 0.87N/mm^). 
Using these relationships, UPV corresponding to a strength of lON/mm  ^were 
determined, as listed in table 5.6, and found to be within 0.6% for normal 
concrete, 0.4% for RCA concrete, 0.5% for recycled asphalt concrete, and 
1.5% for lightweight concrete, of that determined using the expressions
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covering the period up to 28 days (equations 5.1-5.6). This indicates that 
evaluation of strength from UPV measurements can be reasonably and 
reliably achieved based on relationships obtained during the first 24 hours 
after concrete mixing.
Table 5.5 UPV at start of strength gain and striking of formwork, correlated 
up to 28 days.
Concrete Type
UPV at onset of 
strength gain
km/sec
UPV at strength of 
lON/mm
km/sec
Gravel concrete 2.62 3.95
RCA concrete 2.38 3.67
Recycled asphalt 
concrete
2.54 3.97
Lytag concrete 2.03 2.94
Combined (Normal 
and RA) 2.57 3.95
Combined (Normal 
and RCA and RA) 2 48 3.87
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Table 5.6 UPV at start of strength and striking formwork, correlated up to 1 day.
Concrete
Type
Strength-UPV
correlations
# p y : a T |:
strength
-:::;,::onsetk^ ;^ ;'
km/sec
UPV at 
strength 
of
lON/mm^
km/sec
Gravel concrete R = 0.0063e^^^^ 0.93 2.62 3.92
RCA concrete R = 0.009e^ -^ ^^ ^^ 0.92 238 3.65
Recycled asphalt 
concrete R =  0.01250^ ^^ "^^ ^ 0.90 253 3.99
Lytag concrete R = 0.0021e^^^^^ 0.93 2.06 289
Combined 
(Normal and 
RA)
R = 0.00980^ "^^ ^^ 0.91 257 3.97
Combined 
(Normal and 
RCA and RA)
R = 0.0122e^ -^ ^^ ^^ 0.89 248 3.90
5.5 Relationship between compressive strength and rebound 
number
Correlations between strength and surface hardness for normal, RCA, 
recycled asphalt, and lightweight concretes are presented in figure 5.26. As 
with UPV, these are exponential relationships and conform to findings by 
other investigators, most of whom started obtaining their values on 7 day old 
concrete (section 2.6).
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These correlations have good coefficients (R )^ of 0.90 for normal 
concrete, 0.91 for RCA concrete, 0.93 for recycled asphalt concrete, and 0.90 
for Lytag concrete. These are lower than those for the strength-UPV 
relationships (section 5.4), and can be expressed, for the concrete mixes and 
data range considered, as;
R = 3.2878e°^^^^  ^ for normal concrete, (5.7)
R = 1.8078e°^"^^ for RCA concrete, (5.8)
R = 3.9082e°°^ for RA concrete, (5.9)
and R = 1.1064e°^ ^^ ^^  for Lytag concrete (5.10)
where N = Rebound number.
The similarity in the correlations for RCA and Lytag concretes (figure
5.26) highlights the influence of aggregate’s high pore content on the strength- 
rebound number relationship. The two concretes can be combined (figure
5.26), with R^  of 0.89 (non-significant difference between the concretes with 
P = 0.274) that is close to their exclusive coefficients, and expressed as:
R = 1.5445e '^°^  ^ for combined (RCA-Lytag) (5.11)
Furthermore, an expression that could conveniently be used for 
strength assessment from rebound number for all four concretes is provided 
below and presented in figure 5.26. This has a correlation coefficient of 0.82 
and significant difference between the concretes with P < 0.001, which would 
clearly indicate that using a relationship that is exclusive for each concrete is a 
more reliable indicator of strength from rebound number.
R = 2.8009e°°^^^  ^ for combined concretes (5.12)
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Similar to UPV, the above equations can be used to provide strength 
values from rebound hammer measurements. Therefore, for concrete strength 
to reach lON/mm  ^ (possible form striking strength) rebound numbers of 17.5 
for normal concrete, 23 for RCA concrete 18.8 for recycled asphalt concrete, 
and 25.6 for Lytag concrete are necessary. This strength is also obtained when 
the rebound number is 24, using the expression combining RCA and Lytag 
concretes, and 20.3, using the relationship covering all four concrete types.
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Figure 5.26 Compressive strength correlation with rebound number for all 
concretes.
Information regarding the use of the rebound hammer method can only 
be reliably obtained when the concrete has hardened sufficiently, at least 24 
hours after mixing. By contrast, the UPV has the advantage of being a totally 
non-destructive test that can reliably provide information from immediately 
after mixing and throughout the hardening and strength gain stages of concrete 
development.
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5.6 Strength determination using combined NDT tests
The two NDT tests (UPV and rebound number) have thus far been 
used individually to determine the strength of concrete. In this section UPV 
and rebound number are combined together for the assessment of concrete 
strength. It has been shown in sections 5.4 and 5.5 that both UPV and rebound 
number have an exponential relationship with compressive strength of 
concrete. Therefore the strength relationship with combined UPV and rebound 
number methods can be expressed as:
R = Ce^v) + g(EN) (5.13)
where C, D, and E are constants. These constant parameters have been 
determined for all the aggregate type concretes considered, and are listed in 
table 5.7. The correlation coefficient (R^ ) has also been determined for the 
combined UPV-rebound number relationship with strength for all the 
aggregate type concretes, using the statistical software (Mintab 16). These are 
also listed in table 5.7.
The determination of compressive strength is better achieved using 
only UPV measurements, with higher correlations obtained for the strength 
relationship with UPV (0.97-0.98, section 5.4) than for its relationship with 
the combined NDTs (0.85-0.93, table 5.7), for all the concrete types 
considered.
Similar determination of strength can be achieved using rebound 
number or combined NDTs for gravel and recycled asphalt concretes, with 
similar coefficients obtained for the correlations. For RCA and Lytag 
concretes, poorer relationship with strength is provided by the combined NDT 
method, with lower coefficients (table 5.7), than using only rebound number 
measurements.
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There is no apparent advantage in the combination of UPV and 
rebound number methods to determine the strength of early age concrete. It is 
also more convenient to apply one NDT method for the assessment of 
concrete strength, particularly on site.
Table 5.7 Strength correlation with combined UPV and rebound 
Number, including expression parameters.
Concrete type C D E
Gravel concrete 0.0021 1.8315 0.0879 0.92
RCA concrete 0.00382 1.8448 0.0745 0.86
Recycled 
asphalt concrete 0.00851 1.4500 0.0860 0.93
Lytag concrete 0.00325 2.6000 0.0570 0.85
5.7 Setting of concrete and UPV
Concrete is considered to have set when the change from a viscous 
fluid to a solid is complete. The setting of concrete (initial setting) is reached 
when a resistance load of 3.5 N/mm  ^ is achieved (ASTM, 2006). This is 
measured as penetration resistance on mortars sieved from the different 
concretes, using the method based on ASTM (2006) and described in chapter 
4. In order to achieve direct comparisons between the different concrete types 
in the assessment of setting, a common mix with w/c ratio of 0.5, which might 
be considered as useful and practical, was used in this section for all 
concretes.
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Figure 5.27 shows the variation in penetration resistance with age of 
concrete after mixing for normal, RCA, recycled asphalt, and lightweight 
concretes. It takes the form of a power relationship, in compliance with 
ASTM (2006), with the expressions listed below (R^  = 0.99, for all concretes).
Pr = 0.00197/^ ^^ "^  fro normal concrete (5 13)
Pr = 0.0014Tr5.1773 for RCA concrete (5.14)
Pr = 0.0004T 5.5174 for RA concrete (5.15)
Pr = 0.0217Tr3.9248 for Lytag concrete (5T6)
where Pr = Penetration resistance (N/mm^), 
Tr = Time after mixing (hours).
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Figure 5.27 Penetration resistance of concrete-measured on sieved mortar 
(ASTM, 2006).
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Using these equations, the time to reach initial setting, at 3.5N/mm^, 
and final setting, at 27.6N/mm^, can be determined. These are listed in table
5.4 for all the concretes considered. The earliest setting (both initial and final) 
is achieved by Lytag concrete, followed by RCA concrete, then normal 
concrete, and finally recycled asphalt concrete. This reflects the dependence 
of setting on the water absorption capabilities of the aggregate used, with 
earlier setting for the concrete containing higher pore content aggregate. This 
conforms to the behaviour of very early age strength (section 5.1.5) and 
highlights the influence of the setting of the mortar matrix on strength 
development of concrete during that stage.
To assess the setting of concrete using ultrasonic pulse velocity, the 
rate of increase in UPV measurements were obtained for the first 20 hours 
(based on figure 5.14a), as shown in figure 5.28, for normal, RCA, recycled 
asphalt, and lightweight concretes.
The rate of UPV change reaches a maximum at the times in hours 
outlined in Table 5.4, for all the concretes considered. The times precede those 
for setting and follow its trend, with earliest maximum occurring for Lytag 
concrete, then for RCA, gravel, and finally recycled asphalt concretes (table 
5.4). The maximum values were 0.75 km/sec/h for normal, 0.61 km/sec/h for 
RCA, 0.65 km/sec/h for recycled asphalt, and 1.08 km/sec/h for Lytag 
concretes. The rate of UPV change then decreases to reach a stable and almost 
constant rate by 6 hours for normal concrete, 5 hours for RCA concrete, 6.5 
hours for recycled asphalt concrete, and 4.5 hours for lightweight concrete.
For all concretes the maximum rate of UPV change occurs at almost 
the same time of 2 hours before setting; 2.01 hours for normal concrete, 2.03 
hours for RCA concrete, 2.02 hours for recycled asphalt concrete, and 2.02 
hours for Lytag concrete (table 5.4).
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This shows that the UPV could be used to measure an optimum point 
in the setting process, which might be an indication of the onset of setting. 
This is two hours prior to setting measured in accordance to ASTM (2006). 
Early age UPV can provide a reliable indication of concrete setting (initial).
The time to reach maximum rate of UPV change has also been 
associated with time to onset of strength gain (at 0.87 N.mm  ^ compressive 
strength) for all concrete types (w/c 0.5), which is also listed in table 5.4. The 
time to maximum rate of UPV change occurs earlier than to onset of strength 
by 4.04 hours for normal concrete, 3.98 hours for RCA concrete, 3.84 hours 
for recycled asphalt concrete, and 4.08 hours for lightweight concrete. These 
are approximately 4 hours, for all the concretes considered, and provide less 
variable results than using time to final setting (ASTM, 2006), which has 
difference from time to max UPV change of 4.3-4.6 hours (table 5.4). 
Although, final setting might be used as an indicator of the hardening of 
concrete, since it is performed on sieved mortar and not the actual concrete, it 
would not be as direct and accurate an indicator of strength gain as 
compressive strength measurements on concrete, which also include the 
effects of coarse aggregate.
Therefore, in addition to using the strength-UPV correlation method, 
section 5.4, maximum rate of UPV change might also be used to assess the 
occurrence of the onset of strength for concrete.
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Table 5.8 Association of time to concrete setting and strength onset with UPV.
Concrete
type
Setting
time
(initial)
hours
Final
setting
time
hours
Max. UPV 
change rate 
time
km/sec/h
Onset of 
strength gain 
(at 0.87 N/mm  ^
for w/c = 0.5) 
time 
hours
Gravel
concrete 4.81 7.40 2.80 6.84
RCA
concrete
4.53 6.75 2.50 6.48
RA
concrete 5.18 7.53 3.17 7.00
Lytag
concrete 170 6.18 1.68 5.76
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Figure 5.28 Rate of change in UPV measurements for all concretes.
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5.8 Heat development of concrete
The hydration of cement in concrete was monitored through the heat it 
generated, using thermocouples (chapter 4). The heat development for normal, 
RCA, recycled asphalt, and lightweight concretes are shown in figure 5.29, 
where the difference between the concrete and ambient temperatures, in 
degrees Celsius, is plotted against time. All concretes display an initial high 
temperature, which at this very early stage (up to 1 hour) would relate to the 
effects of the Tricalcium aluminate (C3A) part of the cement hydration process 
(section 2 .8 ).
The figure also shows a strip of indicators for the maximum rate of 
UPV change (fine dashed lines), setting (solid lines), and onset of strength 
gain (coarse dashed lines) for all four concretes.
The maximum rate of UPV change is achieved when temperature is 
still low. It provides an indication of significant early development in the 
cement reaction (mainly C3 S reaction, section 2.8) that would result in 
subsequent heat generation and temperature rise, perhaps the onset of setting. 
As the temperature increases, through cement hydration, the concretes set 
(ASTM, 2006). Beyond that, with continuing cement hydration and rise in 
temperature, the onset of strength gain takes place. All three parameters occur 
before reaching maximum temperature.
The heat generated by the concretes continues to increase with time 
reaching a peak at similar times of 11.55-11.75 hours, listed in table 5.5 for all 
concretes. The similarity in these times relate to the similarity in the hydration 
development of cement paste in the concretes, which is due to the fact that the 
same cement type (OPC) and water/cement ratio were used in the concretes. 
The maximum temperature difference is also provided in table 5.5 for all 
concretes.
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Any differences in heat development, including the maximum 
temperature, produced by the concretes would mainly relate to the variation in 
the thermal properties between the aggregate types, table 5.5. Lytag has lower 
thermal conductivity and better insulating properties than the other aggregates 
(table 5.5), due to its more porous nature. This resulted in better retention of 
the generated heat of hydration by Lytag aggregate in the concrete. Although 
recycled asphalt aggregate is the least porous of the aggregates, it has lower 
thermal conductivity than gravel and RCA (table 5.5), which is due to the low 
thermal conductivity of the bitumen (0.17 W/m K) in the aggregate. RCA 
aggregate also has lower conductivity than gravel, however, it only keeps 
some of the heat at later ages, which might be due to the effects of thermal 
behaviour of the different impurities present in RCA.
The hydration and its associated heat evolution progresses regardless 
of the resulting by-product phases; viscous fluid, setting (change from viscous 
fluid to solid), and onset of strength gain (hardening).
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Figure 5.29 Heat evolution of concrete presented as temperature difference from 
ambient temperature.
Table 5.9 Maximum temperature difference from ambient temperature.
Concrete Type
Time to max temp, 
difference
hours
Max. Temp, 
difference
"C
Thermal
conductivity
W/mK
Gravel concrete 11.72 2.31 1-1.8
RCA concrete 11.67 2.12 1.1
Recycled 
asphalt concrete 11.55 2.44 0.75
Lytag concrete 11.75 3.1 <&35
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5.9 Conclusions
1- A computerised continuous data acquisition mobile system has been 
established, which enables the ultrasonic monitoring of concrete 
throughout the fluid, setting, and hardening stages of concrete 
development.
2- RCA, recycled asphalt, and lightweight concretes displayed similar 
behaviour with age to normal concrete, using strength, UPV, and 
rebound number measurements.
3- Concretes containing RCA, recycled asphalt, and lightweight 
aggregates showed similar trends of variation, in strength and non­
destructive testing, with water/cement ratio as that obtained for normal 
concrete.
4- For any particular mix and prior to 24 hours after concrete mixing, 
higher compressive strengths are produced by Lytag concrete than 
normal and RCA concretes, and all are higher than RA aggregate 
concrete. At this stage of concrete development strength is mainly 
influenced by the porosity of aggregate and its capability of 
withdrawing moisture from surrounding mortar matrix.
5- Beyond 24 hours, similar strengths are produced by Lytag and gravel 
concretes, which are higher than RCA concrete, and all higher than RA 
concrete. At this stage the bond between aggregate and cement matrix 
becomes more prominent and affected by the different aggregate 
surface properties and texture.
6- In the first few hours after concrete mixing, higher UPV is obtained for 
lightweight than RCA concrete, and both higher than gravel and RA 
concretes. The higher porosity aggregates induce higher paste matrix 
stiffness and lower acoustic reflections, both of which would produce 
higher UPV. Beyond that, and as the attenuation decreases with
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concrete maturity, the high aggregate porosity would start to have 
adverse effects on ultrasonic pulse and reducing its velocity.
7- Beyond 12 hours after concrete mixing, the UPV for gravel concrete is 
higher than RA concrete, which is higher than RCA concrete, and all 
significantly higher than lightweight concrete. This reflects the effects 
of lower density and elastic modulus of aggregate on UPV.
8- UPV is more influenced by the density of the aggregate, and therefore 
of the concrete, than the strength of the concrets.
9- Concrete with aggregate that has higher pore content produce higher 
surface hardness, throughout the period 1-28 days. The aggregate 
would withdraw moisture from its vicinity, resulting in stiffer matrix 
that produces higher rebound number. Rebound number deviates in its 
behaviour with aggregate type from concrete strength, confirming the 
implication that surface hardness measurement reflects concrete 
properties and behaviour near the surface and not of the deep concrete.
10-Expressions have been obtained, for normal, RCA, RA, and 
lightweight concretes that would enable the evaluation of compressive 
strength of concrete in structures (on-site or in concrete factoiy) using 
early age UPV or rebound number measurements. This can have 
practical and economical benefits.
11-UPV corresponding to the onset of strength gain have been determined 
for the different concretes using the strength-UPV expressions, which 
are influenced by the aggregate, and therefore concrete density.
12-Where it is necessary strength and early age UPV relationships can be 
established from measurements obtained from immediately after 
mixing and up to 24 hours, which will assist in providing reliable 
indications of concrete strength and hence striking times for formwork.
13-UPV can be a reliable method for determining the setting time of 
concrete, which has been established to be 2 hours after the point of 
maximum increase in UPV measurements, for all aggregate type 
concretes.
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14-The time to reach maximum rate of UPV change might also be used to 
determine the time to onset of strength, which is approximately 4 hours 
after the maximum rate of UPV change, for all the concretes 
considered.
15-UPV rate of change can provide indication of early significant 
development in cement reaction. The type of aggregate has a direct 
effect on the heat the concrete generates based on the porosity and 
conductivity (heat retention and release) of the aggregate.
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This chapter investigates the assessment of early age creep 
development of concretes made with normal, lightweight, RCA, and recycled 
asphalt aggregates using ultrasonic pulse velocity measurements. Creep was 
achieved by applying a load corresponding to 30% of the strength of concrete 
to 100x250 mm prisms, using the test setup described in chapter 4 
(experimental methods and instrumentations). The compressive load was 
applied starting at 24 hours after mixing and up to 28 days. The strength of 
concrete was measured daily up to 1 week and weekly up to 3 weeks in order 
to adjust and maintain a stress level that corresponds to the developing 
strength of the concrete.
Presented here are the results and analysis of measurements obtained 
for stress development, specific creep; creep strain per unit stress, and UPV 
measured up to 27 days after load application. An empirical model that 
allows the assessment of creep of concrete using UPV measurements is finally 
presented.
6.1 Introduction
Creep is the deformation of concrete with time, when it is under a 
sustained load or stress. It continues at a decreasing rate as the stress is 
maintained. It follows an instantaneous deformation in the form of elastic 
strain and inelastic initial creep strain (up to 10 to 100 minutes) (CS, 1974; 
Neville, 2003; ACI, 1992). The creep behaviour of concrete, resulting from
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sustained load application, became apparent at the beginning of the 20th 
century (Neville, 1987).
Creep can have damaging effects by inducing cracks in concrete and 
their subsequent influences on concrete durability, steel reinforcement 
exposure to corrosion, and aesthetic damage to architectural buildings. It can 
also cause loss of stress in pre-stressed concrete, increase in deflection over 
time of large span concrete beams, and cladding buckling problems in tall 
buildings (CS, 1974).
Creep does not always have harmful effects, although it may seem that 
it does. One of its beneficial contributions in structures is enabling concrete to 
undergo large strain deformations prior to the ductile type collapse of concrete 
columns and beams, after developing large rotations and stress redistribution.
Concrete can experience strain deformations that are time dependant, 
without the application of load, in the form of shrinkage. There are three types 
of shrinkage (CS, 1974; Bazant and Wittmann, 1982; ACI, 1992; Neville, 
2003):
- Drying shrinkage, which is due to loss of moisture in concrete to the 
surrounding environment.
- Autogenous shrinkage, which occurs as a result of chemical changes 
during the hydration of cement in concrete.
- Carbonation shrinkage, which is due to the carbonation of the various 
cement hydration products in the presence of CO2.
Generally speaking, concretes that have high shrinkage levels would also 
produce high creep.
6.2 The mechanism o f creep
Creeping concrete can be regarded as a multi-phase material consisting 
of cement paste and aggregate. The aggregates, which can occupy up to 75%
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of a concrete’s volume, are bonded together by the cement paste and act as a 
restraining material (CS, 1974).
The cement paste consists of unhydrated cement grains surrounded by 
cement gel and water-filled or empty capillary pores (Bazant and Wittmann, 
1982; Neville, 2003). The cement gel consists of intertwined particles of 
mainly crumpled colloidal sheets of calcium silicate hydrates, some are 
needle-shaped, with a continuous system of water-filled gel pores. The water 
can apply significant pressure on the pore walls, which depends on 
temperature and the amount of water saturation. Creep is thought to occur 
when those colloidal sheets slide as the structure changes through a de­
bonding and re-bonding process when under stress. The unstable contact 
between those sheets becomes weaker when water is present; hence creep is 
reduced after drying (Bazant and Wittmann, 1982; Bazant and Chem, 1985; 
Neville, 2003).
Drying of concrete under load would cause water to diffuse out of the 
stressed gel micropores and brings the colloidal structure closer together, 
which results in additional shrinkage, known as drying creep (Bazant and 
Wittmann, 1982; Bazant and Chem, 1985; Neville, 2003). According to 
Bazant and Wittmann (1982), Bazant and Chem (1985), this is also caused by 
the presence of stresses and mirocracking, induced by drying that would allow 
the potential for further shrinkage to be achieved. Creep that occurs under 
controlled conditions of no moisture movement to or from the environment is 
termed basic creep.
It has been suggested by Tamtsia, Beaudoin and Marchand (2004) that 
applying compressive load to cement paste at very early age (18 hours) would 
induce further hydration, and the production of calcium silicate hydrate, under 
stress conditions. This can contribute further to the sliding of colloidal sheets, 
resulting in higher creep strains. The load generated hydration products can 
then form in the capillary spaces, and there presence would increase with 
higher water/cement ratio.
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6.3 Factors affecting creep
Creep of concrete is affected by many factors that are, either internal, 
relating to the concrete composition, or external, relating to the effects of the 
environment and size of concrete member. Some of the main factors are 
considered below.
6.3.1 water/cement ratio
The development of cement paste gel is influenced by the 
water/cement ratio. A lower water/cement ratio and good compaction would 
produce close packing of cement grains, which would result in higher density 
and elastic modulus, and lower creep of concrete. The creep of concrete is 
inversely proportional to its strength. This has been shown by Neville (1970), 
Bazant and Wittmann (1982), and Russell and Corley (1977) from their creep 
investigation of concrete, with strengths of 27.6 - 62.1 N/mm  ^and loaded at 
28 days, obtained from the construction of Water Tower Place building in 
Chicago.
6.3.2 Curing conditions
Concrete curing affects the hydration of cement paste, which in turn 
influences creep. Increase in the temperature and humidity of the curing 
environment would increase the degree of hydration and therefore the density 
of the cement gel, which increases concrete strength and maturity but reduces 
creep. The moisture content of concrete is also affected by temperature and 
humidity. A reduction in concrete moisture would result in a reduction in its 
creep. The use of steam curing (normally at very high temperature) would 
produce a more crystalline cement gel structure, resulting in a reduction in 
concrete creep.
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6.3.3 Temperature and relative humidity
Temperature is less important than relative humidity, in its effects on 
the creep of concrete. Creep tends to increase with a rise in temperature, 
especially in drying concrete. However, this is offset by the fact that an 
increase in temperature also accelerates hydration, which in turn reduces 
creep. Temperature has little effect on creep when the concrete is moist. 
Reduction in concrete temperature to 0°C or below would reduce its creep 
(CS, 1974; Bazant and Wittmann, 1982).
Creep of concrete increases as the relative humidity is reduced, 
especially when the concrete is allowed to dry through surface evaporation 
resulting in shrinkage.
6.3.4 Size of concrete member
The extent to which temperature and humidity affect concrete is 
determined by the size of the concrete member. Moisture transition and drying 
occur at a lesser rate in larger concrete members, which produces lower 
deformation and creep than in smaller members (Bazant and Wittmann, 1982; 
Neville, 2003).
6.3.5 Effects of stress
Creep increases linearly with uniaxially applied stress, except at very 
early age (1-3 days). Increases in stress can induce microcracking in concrete, 
the onset of which depends on the aggregate size, aggregate type, 
heterogeneity of concrete, and therefore the degree of bonding that exists 
between aggregate and mortar matrix (CS, 1974; Neville, 2003). In a 
structure, however, the concrete might be in a combination of compressive 
and tensile stresses (multiaxial).
6.3.6 Effects of aggregate on concrete creep
The presence of aggregate (fine and coarse) in concrete reduces the 
effects of creep by reducing the relative volume of hardened cement paste.
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which is the creeping part of concrete. It also restrains the creep of the cement 
paste matrix, due to the higher modulus of elasticity associated with 
aggregates (10 to 20 times higher than cement paste). The different effects of 
aggregate are considered below.
Volume o f aggregate:
Increasing the aggregate volume would increase the presence of the 
creep restraining material in concrete and therefore reduces creep, as shown in 
figure 6.1 (CS, 1974). A reduction in creep by as much as 50% can be 
associated with an increase in aggregate volume from 60% to 75% (CS, 
1974).
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Figure 6.1 The relative volume of the components in concrete (CS, 1974).
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Aggregate type:
The effects of the type of aggregate on creep of concrete are mainly 
due to the stiffness, porosity, and surface condition of aggregate.
Aggregates with higher elastic modulus would provide larger restraint 
to the creep of cement paste (Browne and Blundell, 1972; Bazant and 
Wittmann, 1982; Neville, 2003). The effect of aggregate stiffness on creep of 
concrete has been demonstrated by Browne and Blundell (1972) in figure 6.2, 
for concretes containing materials with varying modulus of elasticity (0.003-
1.05 xlO  ^ N/mm^) as aggregates. Higher creep was obtained for concrete 
containing polythene than cast iron.
Counto (1964) indicates that when load is applied to concrete, and with 
the aggregate restraining the cement matrix, the load is gradually transferred 
from the matrix to the aggregate.
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Figure 6.2 Effect on creep of aggregate elasticity (Browne and Blundell, 1972).
Concretes made with various lightweight aggregates have been 
compared with normal concrete for creep, with start of loading at 7 days, by 
Shideler as reported by Neville (2003) and illustrated in figure 6.3. The 
lightweight concretes had varying strengths and produced creep values that 
ranged from lower to higher than for normal concrete, which is represented by 
the middle solid line.
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Figure 6.3 Creep of concrete of 21 N/mm  ^ strength made with different 
lightweight aggregates, loaded at the age of 7 days to 4.12 N/mm  ^ (Neville, 
2003).
Reinhardt and Kiimmel (1999) measured creep on concretes containing 
all recycled lightweight concrete aggregate (RLWCA) and those with fine 
normal aggregate. Compressive load, corresponding to 30% of strength, was 
applied at 28 days on 100 x 300 mm cylinders of concrete made with 0.5 and 
0.6 water/cement ratios and two different cement contents. Their findings, 
presented in figure 6.4, show that, regardless of the water/cement ratio and 
cement content, creep is higher for all RLWCA concrete than that containing 
normal fines.
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Figure 6.4 Creep strain vs. time since loading (Reinhardt and Kiimmel, 1999).
The effects on concrete creep of using recycled concrete aggregate 
(RCA) as an alternative to normal aggregate have been considered by some 
investigators (Fathifazl et al., 2011; Gômez-Soberôn, 2002). Fathifazl et al. 
(2011) have tested 150x300 mm cylinders under a compressive load at 40% of 
strength, starting at 28 days up to 1 year. The creep as a function of initial 
strain (creep coefficient) was 14 % higher for RCA concrete than gravel 
concrete, both tested at 245 days.
The effects of percentage replacement of normal aggregate with RCA 
on total creep have been investigated by Gômez-Soberôn (2002) over the 
period of 28 to 270 days, presented in figure 6.5. The total creep appears to 
increase with the amount of RCA present, especially beyond 30 % 
replacement to normal aggregate.
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Figure 6.5 Total creep for different recycled concrete (Gômez-Soberôn, 2002).
Porosity o f aggregate:
Porosity of aggregate and its absorption might affect cement paste, and 
therefore creep. Unsaturated aggregate would absorb water from surrounding 
paste, resulting in a dryer matrix and reducing the effective water/cement ratio 
of concrete, which can reduce the creep. Aggregates with higher porosity, 
however, tend to have lower elastic modulus, which result in less restraint to 
cement paste and increase creep of concrete.
Bonding:
The bond between aggregate and cement paste can be one of the 
contributors to creep of concrete. Creep can be affected by the presence of 
microcracks at the aggregate paste matrix interface; their initiation and spread 
would further increase the creep of concrete (Bazant and Wittmann, 1982; 
Neville, 2003). The bond is also affected by the mineralogical properties of
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aggregate, such as the presence of clay particles, resulting in an increase of 
creep (Neville, 2003).
6.3.7 Other factors affecting creep
Other factors that might affect creep include:
Cement type:
Creep increases with cement types as follows: aluminous, rapid 
hardening, ordinary Portland, Portland blast furnace, low heat, Portland- 
pozzolan.
Degree of compaction:
A well compacted concrete would contain less air voids, improved 
strength and therefore reduced creep.
Admixtures:
In most cases the presence of water reducer, retarder, or 
superplasticiser would result in an increase of concrete creep.
6.4 Calculation of concrete creep
The relationship between the aggregate content and creep of concrete 
can be expressed by considering the Pickett model (Neville, 2003), which is 
based on an aggregate particle restraining the deformation of the surrounding 
cement paste under a sustained compressive load. The model can be expressed 
as:
dc « dAg (6.1)
c “  \-A
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“  -  U v-0{L 2vl)E clE a
c = creep of concrete
Ag = fractional volume of aggregate.
Ec = modulus of elasticity of concrete.
Ea = modulus of elasticity of aggregate.
V = Poisson’s ratio of concrete.
Va = Poisson’s ratio of aggregate.
Integrating equation 6.1 produces an expression for creep of concrete, 
including the aggregate content.
Loge = -^  = a lo & Y ^  (6.3)
Where Cp = creep of cement paste.
Therefore c = Cp ( 1 -Ag)" (6.4)
The effect of aggregate with lower modulus of elasticity (such as 
lightweight aggregate) on creep is to increase the modulus ratio in equation
6.2, which results in a lower value for a and a higher value for creep.
The total creep strain generated by concrete under applied compressive 
stress includes initial elastic strain and strains related to the effects of 
environmental conditions, such as shrinkage strains, in addition to creep 
strains from the loading. Therefore, in controlled environmental conditions, 
such as a laboratory, the actual creep strain from loading is obtained by 
subtracting initial elastic strain and environmental strains obtained from an 
unstressed accompanying control concrete specimen, placed in the same 
environmental conditions as the stressed concrete, from total strain. This is 
expressed by equation 6.5.
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^creep t^otal “ i^nitial " c^ontrol (lïUTl/nini) (6 .5 )
where Gcrcep ~ creep strain, expressed as a number.
Ctotai = total strain from stressed concrete.
i^nitial = initial strain, measured immediately after applying the 
load.
Bcontroi = Strain obtained from control concrete.
The results obtained for the series of measurements of creep and UPV 
on concretes made with normal, lightweight, RCA, and recycled asphalt 
aggregates are presented in section 6.5.
6.5 Results
The measurements of strain and UPV of concrete, water/cement ratio 
0.5 , were obtained using the system and methods described in chapter 4. The 
creep strain of concrete is calculated using equation 6.5 (section 6.4). The 
strain measurements provided by the control concrete sample (Scontroi) are 
deducted from the stressed concrete strains (stotai) to eliminate the effects of all 
environmental variables present at time of testing. The compressive load was 
applied to the test concrete sample 24  hours after mixing. Measurements were 
carried out at 2, 4 and 6 hours after loading, then daily up to a week, and 
weekly up to 28 days.
The initial elastic strain (Sinitiai), which is the strain measured 
immediately after applying the load, was also deducted from total creep strain, 
which results in a value for actual creep strain (Screep).
After the initial load application the stress was increased daily, up to 1 
week, and weekly, up to 3 weeks, to match the increase in concrete strength
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during early age. This presents the potential for some additional initial elastic 
stresses to occur upon increasing these loads. These secondary initial strains 
are considered to be part of the continuous creeping process and therefore 
only the elastic strain measured at first load application is taken to represent 
the initial elastic strain.
6.5.1 Creep development of concrete
The creep behaviour of concretes made with normal, lightweight, 
RCA, and asphalt aggregates, during early age (1-28 days after mixing), is 
shown in figure 6.6. Creep for all concretes increases with time under stress, 
which complies with creep behaviour in hardened concrete (figures 6.3, 6.4, 
and 6.5) investigated by Neville (2003), Reinhardt and Kiimmel (1999), and 
Gômez-Soberôn (2002).
Concrete containing gravel has the lowest creep measurements, 
compared to other concretes (figure 6.6). The highest creep values are 
produced by lightweight (Lytag) concrete, which is attributed to Lytag’s high 
porosity and therefore lower elastic modulus. Although similar strengths were 
obtained for lightweight and normal concretes (figure 5.6, chapter 5), the high 
water absorption and low stiffiiess of Lytag aggregate has a pronounced 
adverse effect on its ability to restrain creep.
The creep of asphalt concrete follows that of lightweight concrete, 
reaching similar values by 28 days. Unlike Lytag, asphalt aggregate has very 
low water absorption and its modulus of elasticity is similar to gravel. 
Therefore, the high creep behaviour of concrete with asphalt aggregate might 
be due to other aggregate properties, related to its surface characteristics, such 
as week bond between aggregate and cement matrix. This would promote the 
initiation and propagation of microcracks at the aggregate/paste boundary, 
under stress, and therefore increase the creep of concrete, as discussed earlier 
in section 6.3.6
The creep of RCA concrete is higher than normal concrete but lower 
than both lightweight and asphalt concretes (figure 6.6). The influence of
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RCA on concrete creep is attributed to it having higher porosity than gravel 
and weaker bonding relating to the presence of some impurities in RCA (RCA 
constituents, chapter 4)
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Figure 6.6 Creep developments for concretes with normal, lightweight, RCA, 
and recycled asphalt aggregates.
6.5.2 Applied stress variation of concrete
The stresses applied to each of the four concretes, which were based on 
30% of concrete strength per cross sectional area, are shown in figure 6.7.
For all concretes, as expected, stress increases with time after load 
application as concrete strength increases with maturity. Higher stress 
development is obtained for normal and lightweight concretes than RCA 
concrete, which is higher than asphalt concrete. This is consistent with 
compressive strength measurements obtained earlier for these concretes and 
outlined in chapter 5 (section 5.1.5), which showed similar trends.
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The figure also shows the increase in stresses up to 1 week, and then 
weekly up to 3 weeks, for all the concretes. In-between the weekly increases, 
and up to 28 days, the stresses are maintained at the required level.
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Figure 6.7 Stress variations for concretes with normal, lightweight, RCA, and 
recycled asphalt aggregates.
6.5.3 Specific creep development of concrete
Differences in the stress that each concrete requires, at any time, and 
the variation in the resulting strains for these concretes suggests that it might 
be more appropriate to express creep as strain per unit stress, which is known 
as Specific Creep (Cg, units per N/mm )^. This is shown in figure 6.8, for all 
the concretes. From the figure it can be seen that, although lightweight 
concrete had high creep strains (figure 6.6) it also needed high stresses 
(similar to normal concrete, figure 6.7) to produce these strains. Therefore, for 
a unit applied stress, much lower creep is produced by lightweight concrete in 
comparison to recycled asphalt concrete (figure 6.8). The latter has lower
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concrete strength (figure 5.6, chapter 5) and required lower stresses to produce 
higher creep strains.
Specific creep for RCA concrete follows the trend for that of 
lightweight concrete, despite the fact that Lytag has a much higher absorption 
(15%) than RCA (5.35%). Normal concrete, with its lower porosity and higher 
strength than other concretes, still has the lower creep per unit applied stress. 
The creep increases at a reduced rate as time progresses and concrete matures.
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Figure 6.8 Specific creep developments for concretes with normal, lightweight, 
RCA, and recycled asphalt aggregates.
6.5.4 UPV variation for concretes under load
The variation in UPV with time, measured on test and control concrete 
samples is shown in figure 6.9. For all concrete types, the UPV for concrete
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undergoing creep is lower than the control concrete. The applied compressive 
load would result in lateral stresses that cause cracks to form at the aggregate 
paste boundary. The ultrasonic pulse propagating through concrete would 
travel around these cracks, which would increase the transit time of the pulse 
and reduce its velocity.
The highest UPV reduction is obtained for recycled asphalt concrete, 
reflecting the increasing presence of microcracks, due to the weak bond 
between recycled asphalt and mortar matrix.
The differences between creep and control UPV measurements, for 
each concrete type, are almost constant, throughout the testing period (figure 
6.9). This indicates that cracks forming when load is applied, at the start of the 
test, are of major influence throughout testing. Although the increase in 
applied stresses during testing would induce further cracks, this is 
counteracted by the continuing hydration and production of cement gel, which 
would fill some of the crack pores present.
This is further demonstrated by figure 6.10, which shows the 
percentage reduction in UPV is highest at the start of testing and after 
applying the initial load, for all concretes. After that the rate of reduction is 
greatly reduced, reaching almost constant values by 28 days. This also 
accompanies the reducing rate of increase in creep with time, observed earlier 
(section 6.5.3). Normal concrete has the lowest reduction, with 1% at start of 
test, reducing to 0.4% at 28 days. Both RCA and lightweight concretes have a 
2% reduction at the beginning of test reaching 0.5% for RCA and 1% for 
lightweight concretes at the end of test. Recycled asphalt concrete has the 
highest difference in UPV with a reduction from 5% to 3% over the test 
period.
All the above indicate that when using UPV to assess performance and 
quality of load carrying or stressed concrete, the reduction in UPV associated 
with creep would need to be accounted for (figure 6.10) before the assessment 
of strength and deterioration in quality of concrete.
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Figure 6.9 UPV variation with time for concretes with normal, lightweight, 
RCA, and recycled asphalt aggregates.
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Figure 6.10 Percentage reduction in UPV for concretes with normal, 
lightweight, RCA, and recycled asphalt aggregates.
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6.5.5 UPV variation with creep of concrete
The UPV measurements obtained for the four concretes considered 
have been correlated with the specific creep strain for these concretes in figure 
6.11. It is clear from the figure that separate relationships, between UPV and 
specific creep, would need to be produced for each concrete, although, RCA 
and recycled asphalt concretes can also be combined by a single expression 
(bold dark line, figure 6.11). The relationships take the form of power 
correlations and can be expressed as:
Cg = SxlO'^ V^^  ^"^^^ for normal concrete, (6.6)
with a correlation coefficient of R^  = 0.90.
Cg = 5xlO'^ V^ "^ '^ ^^  for lightweight concrete, (6.7)
with a correlation coefficient of R^  = 0.98
Cg = SxlO'^ V^^  ^"^^^ for RCA concrete, (6.8)
with a correlation coefficient of R^  = 0.94
Cg = 2xlO'^ V^ ^^ ^^  for RA concrete, (6.9)
with a correlation coefficient of R^  = 0.93
Cg = 8x1 and RA concretes, (6.10)
with a correlation coefficient of R^  = 0.84
Where Cg = Specific creep in per N/mm ,^
V = UPV in km/sec.
All the relationships produce good correlation coefficients (i.e. R^  > 
0.75), for all the concretes, including the expression combining RCA and
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recycled asphalt concretes. The differences between the relationships, in 
figure 6.11, bear some relationship to the UPV variations, in figure 6.9, for the 
different concretes. This highlights the influence of UPV on these 
relationships, and indicates that concretes with similar UPVs could have 
similar expressions that can be used for the assessment of the UPV-creep 
relationship.
The implication of the above analysis is that for concrete with a 
water/cement ratio (w/c=0.5) and for the range of aggregates used, the 
empirical models produced here can be used to assess the creep of concrete 
from UPV measurements. This method would help to monitor concrete under 
load for any excessive strains produced by stresses that might have adverse 
effects on concrete performance, some of which are outlined in section 6.1.
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Figure 6.11 Specific creep correlation with UPV for concretes made with 
different aggregate types.
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6.5.6 Creep estimation using models
There have been many models developed in the past decades to enable 
the calculation of creep strains in concrete. Some rely on few concrete 
parameters, to simplify their application, but lack in accuracy. Others include 
detailed concrete property factors, which makes them more accurate, but 
extremely complicated to use (CS, 1974; Bazant and Wittmann, 1982; 
Neville, 2003; Fanourakis and Ballim, 2003). Some of the models available 
are listed below:
- EC2- Eurocode 2
- SABS 0100 (1992)
- BS 8110 (1985)- British Standards.
- AGI 209R (1992)- American Concrete Institute.
- AS 3600 (1988)- Australian Standard 3600.
- CEB -  FIP (1970)/(1978)/(1990)- Euro-Intemational Concrete Committee
and International Federation for Prestressing 
-RILEM Model B3 (1995)
All of the above models require the knowledge of many factors 
(internal and external) affecting concrete behaviour, which include age at first 
loading, applied stress, elastic modulus at 28 days, and relative humidity. 
Most models, in addition, require information relating to concrete’s 
compressive strength at 28 days, and the duration of loading. Information 
regarding some factors are not readily available to designers, which would 
further compromise the accuracy. Fanourakis and Ballim (2003) investigated 
the compliance of most of these models with some widely available 
experimental data, to assess the accuracy of the models. He concluded that the 
RILEM B3 was more accurate than other models, although most complicated, 
and the CEB-FIP (1978) model is the least accurate. The expressions used in 
these models only apply when considering concretes after 28 days.
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The work carried out in this study has confirmed that the early age 
creep of concrete is significantly affected by the aggregate type. It is possible 
that both the porosity of the aggregate and the aggregate/cement matrix bond 
play a role in this effect. None of the available models consider the direct 
effects of these two factors, although some models consider concrete density 
(ACI 209R, AS 3600) and strength at 28 days (ACI 209R, AS 3600, CEB- 
FIP, RILEM B3).
Therefore, to calculate creep for any concrete and under any condition 
is extremely difficult. The most accurate method to estimate creep is by using 
empirical models based on tests carried out over a short period, such as 28 
days, then to extrapolate.
Specific creep for most concretes, regardless of water/cement ratio or 
the type of aggregate, can be calculated, at any age (t) beyond 28 days, using 
the expression (Neville, 2003):
C, = C28 X  (-6,19+2.15 l o g e  t) ° (6,11)
where C, = long term specific creep, based on total creep, in 1 O'® per N/mm\
C28 = Specific creep of concrete after 28 days under load,
tc = age in days, t > 28 days.
Developing a model that would incorporate the effects of aggregate as 
investigated in this study would require mathematical modelling application 
that is beyond the scope of this thesis.
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6.6 Conclusions
From the results and analysis of UPV and creep measurements above it 
is possible to make the following conclusions:
1- Creep per unit stress (specific creep) is highest for recycled asphalt 
concrete and lowest for normal concrete, with Lytag and RCA 
concretes having values intermediate between them.
2- Creep is strongly affected by the aggregate porosity. Creep of concrete 
has increased by using Lytag, which has high absorption, despite the 
fact that the strengths were similar to normal concrete.
3- The bond between aggregate and cement paste has a significant effect 
on creep. A week bond would reduce the effectiveness of aggregate as 
a restraint to the paste matrix creep. This is evident from the weakness 
of concrete containing recycled asphalt and the resulting high creep 
strains.
4- The UPV can indicate the presence of creep deformation, by a decrease 
in the UPV value, especially when the first load is applied. This 
reflects an increase in the presence of cracks at the aggregate paste 
interface. The highest reduction in UPV was for recycled asphalt 
concrete, which clearly induces more cracks due to the weaker 
bonding.
5- Correlations between specific creep and UPV have been established for 
normal, lightweight, RCA, and recycled asphalt concretes. The 
expressions have a power form. These relationships would enable the 
assessment of creep development at different stages using UPV 
measurements.
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From the previously presented results (chapter 5), it was clear that 
concrete containing 20mm recycled asphalt (RA) aggregate produced the 
lowest compressive strengths, compared to all the other aggregate type 
concretes. It is the intention in this chapter to investigate the feasibility of 
improving the strength associated with RA concretes. NDT measurements 
have also been used to assess any improvement in RA concrete. Direct 
comparisons were carried out on concretes made with w/c 0.5. The effects of 
different RA aggregate percentage replacement on strength, UPV, and surface 
hardness of concrete are considered initially.
7.1 Recycled asphalt
Asphalt is produced by mixing bitumen with granular aggregate 
materials, such as gravel, rock, or limestone. The asphalt used in this study, 
supplied by Tarmac (Chapter 4) as recycled aggregate, was originally made 
using gravel aggregate to form part of the top coated macadam road material 
surface, known as the ‘Wearing Course’ or ‘Surface Course’ running surface. 
Bitumen is manufactured from selected crude oils through a process of 
distillation (Bitumen UK, 2012). The main use of bitumen is in road 
construction (about 90 % of bitumen) and industrial applications (about 10 % 
of bitumen). It has watertight, airtight, and binding properties that make it a 
useful and flexible material to use. It has good insulating properties and sound
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vibration absorption (chapter 5, table 5.2), which allows it to contribute to the 
thermal and acoustic insulation of buildings.
7.2 Effects of recycled asphalt percentage replacement
The use of recycled asphalt as an aggregate has been considered by other 
investigators, as discussed in chapter 2 (section 2.7). Increasing the percentage 
replacement of normal aggregate with RA aggregate results in a reduction in 
strength, as reported by Delwar Fahmy and Taha (1997), and Huang, Shu and 
Burdette (2006). Figure 7.1 demonstrates the effect of replacing limestone and 
sand with varying percentages of coarse RA and fine RA aggregate, respectively, 
by Huang, Shu and Burdette (2006).
C oarse  RAP  
F ine RAP
20 -
20 40 60 800
RAP conten t by total a g g reg a te  w e ig h t %
Figure 7.1 Variation of compressive strength with RAP content (Huang, Shu 
and Burdette, 2006).
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Results relating to the effects of partial replacement of 20 mm gravel 
by recycled asphalt aggregate on compressive strength, UPV, and rebound 
number have been considered in this section. Percentage replacements of 
25%, 50%, and 75% of RA aggregate have been investigated by the author 
and compared with that of 100% RA replacement, used in previous chapters 
(Chapters 5 and 6), and control concrete (all gravel concrete).
7.2.1 Compressive strength measurements
The effects of replacing gravel with different amounts of RA aggregate 
on concrete strength are shown in figure 7.2. Replacing 20mm gravel with 
only 25% RA aggregate results in a large reduction in strength (reduction of 
8% at 1 day up to 27% at 28days, P=0.132). This reduction is associated with 
the dramatic loss of bond between the mortar matrix and RA aggregate. 
Increasing the percentage replacement to 50%, 75%, and then 100% decreases 
the strength further (reduction from normal of 19-29% at 1 day up to 27-37% 
at 28 days), with the most significant reduction at 100% replacement (P=0.07 
for 50%, 0.06 for 75%, and significant P=0.035 for 100% replacement).
7.2.2 Ultrasonic pulse velocity measurements
The UPV travelling through concrete is unaffected by the replacement 
of 20mm gravel with 25% RA aggregate (P=0.96), as demonstrated by figure
7.3. This differs considerably from RA replacement effects on strength of 
concrete (figure 7.2). Increasing the presence of RA aggregate with further 
percentage replacement to 50%, 75%, and 100% hinders the ultrasonic pulse 
travelling through concrete, resulting in UPV reduction, although non­
significant at P=0.21 for 50%, P=0.29 for 75%, and P=0.14 for 100% 
replacement, starting at 1 day. As the concretes continue to mature and gain 
strength, through increased bonding between cement matrix and aggregate, the 
UPV values increase with age, beyond 7 days, in those concretes that still 
contain some 20mm gravel aggregate (50% and 75% RA aggregate). The
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presence of the gravel aggregate in concrete and the improved aggregate- 
cement paste bond would provide a faster route for the ultrasonic pulse to 
travel through the concrete, even though this route might take longer to 
develop when lower percentages of 20mm gravel are used.
♦  Normal 
25% RA
♦  50% RA
♦  75% RA
♦  100% RA
Age (days)
Figure 7.2 Compressive strength variation with age for different percentage 
RA aggregate concretes.
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Figure 7.3 UPV variation with age for different percentage RA aggregate 
concretes.
7.2.3 Rebound number measurements
Figure 7.4 shows the effects of RA aggregate percentage replacement 
on surface hardness of concrete, at the age of 1-28 days. The 25% replacement 
of 20mm gravel with RA aggregate has no effect on the hardness of the 
concrete surface up to 7 days after mixing. Beyond that the rebound number 
shows a slight reduction from that of 100% gravel aggregate, but is not 
significant at P=0.95. Increasing the replacement of aggregate to 50%, 75%, 
and 100% results in earlier and further reduction in surface hardness with age, 
although still non-significantly with P>0.3 for all the percentage replacements 
(figure7.4). The replacement of gravel (water absorption 2.18%) with recycled 
asphalt (water absorption 0.5%), which is a significantly less porous 
aggregate, resulted in the reduction of the capabilities of coarse aggregate to 
draw moisture from the surrounding cement matrix, resulting in reduced 
stiffness and therefore lower surface hardness. The effects of aggregate
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moisture on rebound number measurements have already been established in 
chapter 5 (section 5.3), for different aggregate types.
«  30
♦  Normal 
k25%RA
♦  50% RA
♦  75% RA
♦  100%RA
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Age (days)
Figure 7.4 Rebound number variation with age for different percentage RA 
aggregate concretes.
7.3 Methods for strength improvement
In order to improve the strength of RA concrete, it was necessary to 
improve the bond between the RA aggregate and the mortar matrix that 
surrounds the aggregate. This involved altering the impervious smooth surface 
texture of the bitumen surrounding the asphalt aggregate, by etching and/or 
roughening the RA surface. This was sought using two techniques; 
mechanical roughening and chemical solvent application. A rougher aggregate 
surface would improve the interlocking between aggregate and the 
surrounding cement paste, which would result in stronger concrete (Neville, 
2003).
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7.3.1 Mechanical roughening
This method involves placing aggregate in a mixer and allowing it to 
rotate, which would result in the roughening through abrasion of the RA 
aggregate surface. The aggregates were rotated in the mixer for a period of 1, 
2 , and 3 hours. After roughening, the aggregates were used in the same 
mixing procedure and mixing proportions as for mixes containing non­
roughened 100% RA aggregate, used throughout these investigations (Chapter 
4). The roughening was performed on RA with sand and 10mm gravel 
aggregates combined (for 1, 2, and 3 hours mixer rotation), as well as on RA 
aggregate alone (3 hours mixer rotation only).
The change in aggregate porosity as a result of the roughening process 
is listed in table 7.1, for all aggregate (RA, 10mm gravel, and sand) roughened 
for all three durations, and for RA aggregate roughened for 3 hours only. 
There is an increase in water absorption for all aggregate of 17%, 21%, and 
44% for 1 hour, 2 hours, and 3 hours roughening, respectively, and 100% 
increase for RA aggregate with 3 hours roughening. The change in aggregate 
water requirements, resulting from the roughening process, were accounted 
for in the mixing process.
7.3.2 Chemical solvent application
To chemically etch the asphalt surface, a chemical solvent in the form 
of turpentine was used. This is considered to have molecules that are non­
polar, and therefore has a weak attraction for water, which makes it insoluble. 
It is also lighter than water, with specific gravity of 0.87 (OSHA. 2012). 
Recycled asphalt aggregate was soaked in turpentine for 24 hours before being 
drained and combined with the sand and 10mm gravel for the concrete mix. 
The turpentine would dissolve the bitumen part of the asphalt, which might 
improve the surface bonding between RA aggregate and the cement matrix.
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Table 7.1 Percentage water absorption of roughened aggregate
Roughening
duration
Before
roughening
After
roughening
1 hour 1.3 1.5
2 hours 1.5 1.9
3 hours 1.8 2.7
3 hours RA 
aggregate only
0.5 1
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7.4 Results
The effects of the above two techniques on strength, UPV, and rebound 
number in RA aggregate concrete are outlined below.
7.4.1 Compressive strength
The effects of roughening the aggregate (combined recycled asphalt, 
10mm gravel, and sand) for different durations (1-3 hours) on concrete 
strength, in comparison to normal and non-roughened RA concretes, are 
shown in figure 7.5. Roughening for 1 hour resulted in an increase in strength 
from that of non-roughened concrete, starting from an age of 4 days and 
continuing to a 6% increase at 28 days. Although not significant (P=0.87) this 
reflects the change in the surface texture of the aggregate, caused by 
roughening, which improves its bonding with the cement mortar matrix. Even 
though this may affect all the aggregates, including gravel, its most significant 
effect would be on the bitumen membrane covering recycled asphalt 
aggregate.
Increasing the roughening duration to 2 hours produced a further 
increase in strength, starting at the earlier age of 2 days after mixing and 
continuing to increase with age, improving strength by 13% at 28 days (figure 
7.5). This is more than double that obtained for 1 hour roughening, despite its 
non statistical significance at P=0.59.
Roughening the aggregate for 3 hours produced a very significant 
improvement in strength (P=O.037), with an increase of 45% at 1 day and 56% 
at 28 days. As figure 7.5 demonstrates, similar strengths were obtained for RA 
aggregate concrete, roughened for 3 hours, and for normal (gravel) concrete. 
This provides an indication of the substantial improvement in the bond 
between aggregate and mortar matrix, resulting from changing the surface 
texture of aggregate by mechanical etching and roughening for 3 hours.
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The effects of roughening only the RA aggregate (excluding 10mm 
gravel and sand) for 3 hours on strength of RA concrete has also been 
considered in figure 7.5. Although this has much less effect on strength than 
all aggregate 3 hours roughening, it still produced a major improvement to 
strength (not significant P=0.53), with an increase of 10% at 28 days. Overall, 
the roughening of recycled asphalt with gravel and sand produces more 
surface abrasion and therefore better matrix-aggregate bond.
Figure 7.5 also shows the strength behaviour of concrete containing 
100% 20mm recycled asphalt aggregate treated with chemical solvent. The 
use of turpentine on the RA aggregate makes no impact (favourable or 
adverse) on strength of the RA concrete, with similar strengths produced by 
turpentine treated and non-treated RA concretes. It appears that the process of 
dissolving the bitumen surrounding RA aggregate, using solvent, is not 
sufficient to alter the surface properties of the aggregate or increase its surface 
porosity (P=0.98), to improve its bonding characteristics.
♦  Normal
♦  1H Rough
♦ 2H Rough  
3H Rough
♦  3H RA-Rough
♦  Turpentine
♦  RA concrete
0 2 4  6  8 10 12 14 16 18 20  22  2 4  2 6  2 8  3 0  32  34
Age days
Figure 7.5 Effects of roughening and turpentine treatment of RA aggregate on 
compressive strength of concrete.
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7.4.2 UPV measurements
The effects of aggregate roughening on UPV measurements are shown 
in figure 7.6, in relation to normal and non-roughened aggregate concretes. 
The UPV for concrete with aggregate roughened for 1 hour is higher than that 
for non-roughened aggregate concrete, the increase starting at 3 days after 
mixing. The alteration of the surface texture of aggregate, through roughening, 
appear to improve the paste-aggregate bond, represented by the increase in 
strength (figure7.5), and to erode some of the bitumen surrounding the RA 
aggregate, which resulted in better propagation of ultrasonic pulse and 
increased UPV, with a non-significant increase of 2 % at 28 days (P=0.77).
Increasing the aggregate roughening duration to 2 hours also produced 
higher UPV values than for non-roughened aggregate concrete, the increase 
starting at 3 days. However, UPV values continued to increase but at a lower 
rate than for concrete with 1 hour roughed aggregate, with a 0.4% increase 
compared to non-roughened concrete at 28 days (P=0.81). The 2 hours 
roughening would produce further ruggedness and more pores at the aggregate 
surface, which might start to further attenuate the ultrasonic pulse and delay 
its transition through concrete, lowering its UPV, even though it improved the 
aggregate-paste interface bond.
The 3 hours roughening of aggregate produced a further reduction in 
UPV of concrete throughout the testing period (0.5% reduction at 28 days). 
This reflects the increased adverse effects of further abrasion and change in 
aggregate surface characteristics, including the presence of surface pores, on 
the ultrasonic pulse travelling through concrete.
The roughening of RA aggregate for 3 hours also produced lower UPV 
values than those for non-roughened aggregate concrete (reduction of 0.5% at 
28 days, figure 7.6). The prolonged roughening would extend through the 
bitumen to the aggregate, resulting in a more coarse and absorbent aggregate 
surface, which would induce further attenuation to the ultrasonic pulse and 
lower the UPV, albeit non-significantly at P=0.49.
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The treatment of RA aggregate with turpentine caused the UPV to 
become lower than for untreated RA aggregate concrete, with a reduction of 
4% at 28 days (non-significance with P=0.11), as figure 7.6 demonstrates. 
This is unlike the behaviour of strength, which was unaffected by the 
inclusion of turpentine (figure 7.5). The behaviour of UPV could be explained 
by considering the fact that turpentine is insoluble in water and has lower 
density than water (specific gravity 0.87), hence tends to settle above water 
and water containing cement particles (cement gel). After mixing, and while 
the cement gel sets and hardens, the turpentine evaporates leaving behind 
pockets of pores or microcracks, especially near aggregate-paste interfaces, 
that might not become completely filled with the cement gel. Although, these 
pores have little or no effect on strength, as figure 7.5 demonstrates, they 
would interfere with the ultrasonic pulse travelling through concrete, by 
hindering its path, (figure 7.6).
o  4.4
♦  Normal
♦  1H Rough
♦  2H Rough 
^ 3H Rough
3H RA-Rough
♦  Turpentine
♦  RA concrete
0 2 4 6 8 10 12 14 16 16 20 22 24 26 28 30 32 34
Age days
Figure 7.6 Effects of roughening and turpentine treatment of RA aggregate on 
UPV of concrete.
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7.4.3 Rebound number measurements
Figure 7.7 shows the variation in surface hardness with mechanical 
roughening and chemical solvent application to RA aggregate concrete. 
Roughening all aggregate for 1 hour resulted in an increase in rebound 
number from that of non-roughened aggregate concrete (2% increase at 28 
days, P=0.63). The increase in aggregate porosity, as a consequence of its 
roughening, would increase its absorption of moisture from the surrounding 
paste and effectively lowers the w/c ratio, resulting in a stiffer paste matrix. 
This occurring near the concrete surface would result in an increase in its 
hardness, hence higher rebound numbers. This is consistent with the increase 
in strength for 1 hour roughened aggregate concrete (figure 7.5).
Roughening aggregate for 2 hours and the associated further increase 
in aggregate porosity resulted in a major increase in the surface hardness of 
concrete (16.5% increase at 28 days, with improved non-significance at 
P=0.26), as figure 7.7 demonstrates. The effects of aggregate roughening on 
concrete stiffness near the surface were such that the increase in rebound 
number was similar to that for normal (non-roughened gravel) concrete. These 
effects were exclusive to concrete near surface behaviour, through surface 
hardness measurements (figure 7.7), and not depicted by the deep concrete 
performance, using compressive strength measurements (section 7.4.1, figure 
7.5).
The roughening of aggregate for 3 hours, would further increase the 
porosity of aggregate and the moisture absorption from the surrounding paste 
matrix, which produced even higher rebound numbers (figure 7.7). The 
surface hardness measurements, at 28 days, are 18% higher than for non- 
roughened RA concrete and 2% higher than for normal (gravel) concrete. 
However, the overall variation is still statistically non-significant at P=0.22. 
As well as higher surface hardness, the aggregate roughness here produced 
higher concrete strength, resulting from the increased bond between aggregate 
and paste, as discussed earlier in section 7.4.1 (figure 7.5).
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The rebound number of concrete containing RA aggregate that had 
been roughened for 3 hours is much higher than that for non-roughened 
aggregate concrete, with a 15% increase in surface hardness at 28 days (figure 
7.7). Despite the major increase in rebound number, it remains a statistically 
non-significant increase with P=0.23. It is also higher than the rebound 
number obtained for gravel concrete with an increase of 4% at 28 days. The 
roughening of the asphalt surface, for 3 hours, has a larger effect on the 
aggregate porosity than the bond between the aggregate and cement matrix, 
represented by the larger increase in surface hardness compared to strength 
(figure 7.5). This is similar to the behaviour of concrete made with all 
aggregate roughened for 2 hours (figure 7.7).
The effect of using solvent to dissolve some of the bitumen membrane 
surrounding RA aggregate on concrete surface hardness is outlined in figure 
7.7. Rebound number measurements on concrete made with RA aggregate 
treated with turpentine are lower than those for non-treated RA concrete, with 
a 2% reduction at 28 days (P=0.79). As discussed with the UPV in section 
7.4.2, the behaviour of rebound number with the presence of turpentine might 
be due to the insolubility of the solvent that upon evaporation would leave 
behind some pores. The presence of these pores near the concrete surface 
would affect the rebound number measurements, reflecting a reduction in the 
surface hardness of the concrete.
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Figure 7.7 Effects of roughening and turpentine treatment of RA aggregate on 
Rebound number of concrete.
7.5 Conclusions
From the results and analysis of strength, UPV, and rebound number 
measurements it is possible to make the following conclusions:
1- The replacement of 20mm gravel with RA aggregate has a major effect 
on the compressive strength of concrete. A replacement of 25% 
reduces 28 day strength by 27%. Further increase in replacement 
results in further reduction in strength, but at a much-reduced rate.
2- UPV is also affected by the use of RA aggregate, with lower UPV for 
increased RA aggregate content. The bitumen-covered asphalt with its 
weaker aggregate-paste bond than gravel aggregate, would reduce the
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ultrasonic pulse. However, the effects are only evident above 25 % 
replacement.
3- Rebound number decreases with the use of RA aggregate at 25% and 
further decreases as replacement percentages increase. The use of RA 
aggregate with its significantly lower porosity than gravel would lower 
concrete moisture content, which impacts on the surface hardness of 
concrete.
4- Roughening aggregate prior to mixing increases the strength of RA 
aggregate concrete. Increasing the duration of roughening further 
increases the strength, reaching similar strengths to noimal (gravel) 
concrete when roughened for 3 hours. The aggregate bond with paste is 
significantly improved by the 3 hours roughening process. However, 3 
hours roughening of only RA aggregate has made a limited 
improvement on concrete strength. The treatment of RA aggregate 
with solvent (turpentine) has no effect on strength development of 
concrete.
5- Limited roughening (1-2 hours) can have a small influence on 
increasing the UPV by 2% at 28 days. The improvement in bond has a 
more positive influence on UPV. Increased duration of roughening, 
roughening of only RA aggregate, and the use of turpentine, caused a 
reduction in UPV measurements. Increasing the ruggedness and 
porosity of aggregate surfaces interferes with ultrasonic pulse 
propagation.
6- The increase in the aggregate surface roughness and porosity draws 
further moisture from the surrounding paste resulting in a stiffer 
cement matrix and increased surface hardness. Increasing the 
roughening duration results in higher rebound numbers. The use of 
turpentine reduces the surface hardness of concrete.
186
/  lyiy
Conclusions
Apart from establishing non-destructive testing for early age concrete 
made with alternative aggregates, the aims of this research, as detailed in chapter 
3, were to investigate the determination of concrete setting and early strength 
development using UPV measurements in early age concrete. The objective was 
also to extend the application of UPV to the assessment of early age creep of 
concrete. The conclusions of these investigations are outlined below.
Also recommendations for further work are provided at the end of this 
chapter.
8.1 Non-destructive assessment of early age concrete
development
Early age non-destructive testing of concretes made with recycled 
concrete aggregate, recycled asphalt, lightweight (Lytag), and normal (gravel) 
aggregates provided the following conclusions.
1- A continuous ultrasonic pulse monitoring mobile system has been 
established using a computerised data acquisition program, which is a Windows 
based application that can be used on any PC in a laboratory or site. This has 
enabled the acquisition of ultrasonic pulse velocity throughout the fluid, setting, 
and hardening stages of concrete development.
2- Expressions have been obtained, for normal, RCA, recycled asphalt, and 
lightweight (Lytag) aggregate concretes, for the mix proportions considered, that
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would enable the evaluation of compressive strength of concrete (on-site or in 
concrete factory) using early age UPV or rebound number measurements. This 
can have practical and economical benefits in determining important relevant 
concrete strengths, such as early striking of formwork. These strengths can also 
be obtained reliably from relationships of compressive strength and UPV based 
on the first 24 hours after concrete mixing measurements, conveniently providing 
an empirical model over a short time period.
3- The time to reach maximum rate of UPV change has been established to 
occur 2 hours prior to the setting of concrete and approximately 4 hours prior to 
the onset of strength gain, for the aggregate type concretes considered.
4- The type of aggregate used in concrete has a direct effect on the heat 
generated by the concrete. This is dependant on the porosity and conductivity 
(heat retention and release) of the aggregate. The UPV rate of change ftiight 
provide indication of early significant development in cement reaction.
5- During the first few hours after concrete mixing, the presence of high 
pulse attenuation has resulted in higher UPV for concrete with the more porous 
aggregates (Lytag and RCA) than gravel and recycled asphalt concretes. The 
higher porosity aggregates induce higher paste matrix stiffness and lower acoustic 
reflections, both of which would produce higher UPV values. As the attenuation 
decreases with concrete maturity, high aggregate porosity would have 
increasingly adverse effects on the ultrasonic pulse, reducing its velocity. This 
with the lower density and elastic modulus associated with porous aggregates 
would result in higher UPV for gravel than recycled asphalt concretes, both 
higher than RCA concrete, and all significantly higher than lightweight concrete.
6- Concrete made with aggregate that has higher pore content produce higher 
surface hardness, throughout the period 1-28 days. The aggregate would 
withdraw moisture from its vicinity, resulting in a stiffer matrix that produces a 
higher rebound number. The rebound number deviates in its behaviour with
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aggregate type from concrete compressive strength, confirming the suggestion 
that surface hardness measurements reflect concrete properties and behaviour 
near the surface and not of the deep concrete.
8.2 UPV assessment of early age creep of concrete
The creep of concrete during the early age (1-28 days) was monitored 
using UPV testing. This was performed and analysed for RCA, recycled asphalt, 
and lightweight (Lytag) aggregate concretes and compared to the control normal 
(gravel) concrete. The outcomes of the analysis are outlined below.
1- Measurements of UPV can reflect the presence of creep deformation, 
with a decrease in the UPV value, especially at first load application. The 
highest reduction in UPV is for recycled asphalt concrete, which produces 
more cracks due to the weaker bonding between aggregate and cement matrix.
2- Correlations between specific creep and UPV have been established for 
normal (gravel), lightweight (Lytag), RCA, and recycled asphalt concretes for 
the mix (w/c 0.5) and conditions considered, which are power form 
expressions. These relationships would enable the determination of creep 
throughout its development using UPV measurements.
8.3 Improving strength properties of recycled asphalt 
aggregate concrete
Concrete containing 20mm recycled asphalt aggregate has consistently 
produced lower compressive strengths in comparison with the other aggregate 
type concretes. This prompted investigations into possible improvement in the 
performance of this concrete using mechanical roughening and chemical
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etching. The effects of varying recycled asphalt content were also considered.
The findings and analysis are concluded below.
1- The roughening of aggregate (asphalt and gravel) prior to concrete 
mixing increases the strength of concrete containing recycled asphalt 
aggregate. Increasing the duration of roughening further increases the 
strength. Similar strengths to that of normal (gravel) concrete are achieved 
when roughening for 3 hours, which significantly improves the aggregate 
bond with cement paste. The 3 hours roughening of only asphalt aggregate, 
however, have limited improvement on strength of concrete. The treatment of 
recycled asphalt aggregate with chemical solvent (turpentine) has no effect on 
strength development of concrete.
2- The limited roughening of aggregates (1-2 hours) can have a small 
influence of increasing the UPV, with the improvement in aggregate-paste 
bond. All other techniques; including increased duration of roughening, 
roughening of only asphalt aggregate, and the use of turpentine, increases the 
ruggedness and porosity of aggregate surface but interferes with ultrasonic 
pulse propagation, causing a reduction in UPV values.
3- Increasing the aggregate surface roughness would increase its porosity, 
withdrawing further moisture from surrounding paste resulting in a stiffer 
matrix and increased surface hardness. Increasing the roughening duration 
would result in higher rebound numbers. The use of turpentine reduces the 
surface hardness of concrete.
4- Replacing 20mm gravel with 25-100% recycled asphalt aggregate, 
with its weaker bond with paste and lower porosity, results in the decrease of 
strength, UPV, and surface hardness of concrete.
190
Chapter 8 Conclusions
8.4 Scope for further work
The various investigations performed in this research have opened 
windows on further areas of research. Some of these are briefly outlined 
below:
1- The application of UPV monitoring of concrete properties, using the 
early age UPV acquisition system, to high strength concrete and self 
compacting concrete. This would establish the use of non-destructive testing 
in the assessment of these important concretes.
2- The measurement of UPV directly on concrete in formwork, with the 
consideration of the effects on ultrasonic pulse travelling through the 
formwork-concrete interface.
3- The implementation of the multiphase theory of ultrasonic pulse 
travelling through concrete in different aggregate type concretes. This 
highlights the effects of aggregate properties on the pulse velocity travelling 
through paste-aggregate or mortar-coarse aggregate phases.
4- The use of ultrasonic pulse strength, measured as wave amplitude, to 
measure quality, detect defects, and determine strength and other properties of 
concrete under different conditions. This is a non-destructive technique that 
can be applied individually or in conjunction with other tests, such as UPV 
and/or rebound number.
5- Determination of the relationship between the surface hardness 
measurements of concrete and the depth, within concrete, to which these 
measurements would directly reflect its properties and behaviour.
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Appendix A
Lytag aggregate manufacture process
A summary of the manufacture process of Lytag aggregate is provided 
in this appendix.
The manufacture of Lytag aggregate is based on fly ash, which is a 
waste product from electricity generation in coal-fired power stations (Lytag, 
2004). Figure A.l shows a schematic representation of the manufacture process 
(Moores, 2011). The fly ash is palletised by adding a controlled amount of 
water and blended in specially designed rotating pans to produce round pellets. 
The pellets are then heated on a sinter strand to a temperature of 1000 to 
1250°C. The heat energy is provided by the use of recycled fuel oil. The 
presence of small amounts of unbumed carbon in the fly ash assists in the 
hissing of the particles together. This would result in a hard, honeycombed 
structure of interconnecting voids within the aggregate, as shown in figure A.2 
(Moores, 2011). The particles formed are rounded in shape and range in size 
from 14mm down to fines. This is then processed to a required grading. Lytag 
is an entirely manufactured aggregate that reduces the amount of tipped waste 
product, mainly fly ash, and also reduces the extraction of virgin aggregates.
Fly ash 
feed silo
S in te r  
s t r a n d
1 Mixer
Pe l ie t i s e r
G ra d in g  S c r e e n s
IQ-
stock area
Figure A.l Lytag aggregate manufacturing process.
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Figure A.2 Lytag pellet honeycomb centre.
The predominant chemical components of Lytag are oxides of silicon 
(SiOi), aluminium (AI2 O3 ) and iron (Fc2 0 3 ).
Health and Safety
Information provided by the supplier (Lytag, 2006) in relation to Lytag’s use 
are listed below.
• The lower particle sizes of fine and coarse Lytag produce potential 
respirable dust that can contain quartz, generally associated with crushing 
spherical pellets into smaller particles. As with many other crushed products if 
inhaled over an extended time may constitute a health hazard. Mask protection 
in these situations is recommended
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o Dust generated from this product may result in irritation if it enters the eyes. 
Eye protection is recommended.
® There are no specific occupational exposure limits but personal exposure 
should be controlled to the minimum that is reasonably practical, keeping dust 
exposures below lOmg/m  ^and respirable dust below 5mg/ml 
o No particular hazard is associated with this product in contact with the skin.
® Lytag can be considered to be an inert substance and therefore no specific 
precautions are required to protect the environment
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Continuous early age UPV measurement housing/ 
mould design
The design dimensions plan of the housing, made from ultra high 
molecular weight polyethylene (UHMWPE), that contained the fresh concrete in 
polythene bag for its continuous UPV assessment is presented in this appendix. 
Figure B. 1 shows a side view and dimensions of the mould. The top section of 
the design is presented in figure B.2. And the front/back section of the housing is 
outlined in figure B.3.
104 mm
30: mm
100 mm
25 mm
30 mm
Transducer
164 mm
Side Section
Figure B.l Concrete housing for early age UPV measurements- side section.
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housing' mould design
164 mm
Transducer
< --------------------------------------------- ------------------------------- ►
............. _ _ _ _ _ _ ................... i . _ _ _ _ _ _ j
100 mm
[ZZI
Top Section
Figure B.2 Concrete housing for early age UPV measurements- top section.
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25 mm
Bolts
50 mm100 mm
25 mm
160 mm
Front Section
Figure B.3 Concrete housing for early age UPV measurements- front section.
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Couplant of early age UPV measurements- 
Pyroplex Blue
C .l Introducing Pyroplex Blue
ore
PYROPLEX BLUE
Lithium Complex Grease
I N T R O D U C T I O N
Castro! Pyroplex Blue is a blue tacky lithium complex grease with multifunctional solid 
lubricant additive.
P E R F O R M A N C E
Castro! Pyroplex Blue is the ultimate lubricant for very wet and performance challenging 
on and off highway environments. When performance is challenged in the presence of 
v/ater and humidity, Castro! Pyroplex Blue not only resists softening and washing out but 
its unique multifunctional solid lubricant additive increases tack and adhesion when  
exposed to water saturated environments. In high temperature environments film 
strength is increased between metal surfaces, and the affinity for metal surfaces is 
enhanced. This produces a slippery physical barrier of protection.
Casaol Pyioplex Blue’s eiiliaiiced load canying ability is coupled witli excellent oxidative 
characteristics and liigli temperature stmctural stabilit}- for exceptional perfonnance in heavily 
loaded beaiings. Hie environmental impact is leduced by the use of lead free and cliloiine fr ee 
additives.
T E C H N I C A L  D A T A
Unique multifunctional, non staining * 
solid film lubricant.
Enhanced extreme pressure and ♦
antiwear performance
Lithium complex soap, excellent *
shear stability at high temperatures
Optimal performance for equipment 
durability
Better adhesion with improved mobility 
and increased tackiness in the presence  
of water
Improved bearing life and equipment life
Dependable performance under varying 
conditions for reduced maintenance
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C2 Material Safety Data Sheet 
C2.1 Product and company identification
Product name Castrol Pyroplex Blue 1
MSDS # 455339
Historic MSDS #: 0000002021
Product use Grease for industrial applications.
For specific application advice see appropriate Technical 
Data Sheet or consult our company representative.
Code 455339-US06
Manufacturer BP Lubricants USA Inc.
1500 Valley Road 
Wayne, NJ 07470 
Telephone: (973) 633-2200 
Telecopier: (973)633-7475 
EMERGENCY HEALTH 
INFORMATION:
1 (800) 447-8735
Outside the US: +1 703-527-3887 (CHEMTREC) 
EMERGENCY SPILL 
INFORMATION:
1 (800) 424-9300 CHEMTREC (USA)
OTHER PRODUCT 
INFORMATION
1 (866) 4 BP-MSDS
(866-427-6737 Toll Free - North America)
email: bpcares@bp.com
C2.2 Hazards identification
Physical state
Color Blue.
Emergency overview CAUTION !
MAY CAUSE RESPIRATORY TRACT, EYE AND 
SKIN IRRITATION.
Prolonged or repeated contact can defat the skin and lead 
to irritation and/or dermatitis. In 
accordance with good industrial hygiene and safety work 
practices, airborne exposures should be controlled to the 
lowest extent practicable. Avoid contact with eyes, skin 
and clothing. Use only with adequate ventilation. Keep 
container tightly closed and sealed until ready for use. 
Wash thoroughly after handling.
Routes of entry Dermal contact. Eye contact. Inhalation. Ingestion. 
Potential health effects
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Eyes May cause eye irritation.
Skin May cause skin irritation. Prolonged or repeated contact
can defat the skin and lead to irritation and/or dermatitis. 
Inhalation May cause respiratory tract irritation.
Ingestion Ingestion may cause gastrointestinal irritation and
diarrhea.
See toxicological information (Section 11)
C2.3 Composition/information on ingredients 
Ingredient name
Base oil - highly refined, 55 -  60%
C2.4 First aid measures
Eye contact In case of contact, immediately flush eyes with plenty of
water for at least 15 minutes. Get medical attention if 
symptoms occur.
Skin contact Immediately wash exposed skin with soap and water.
Remove contaminated clothing and shoes.
Wash clothing before reuse. Clean shoes thoroughly 
before reuse. Get medical attention if symptoms occur.
Inhalation If inhaled, remove to fresh air. Get medical attention if
symptoms occur.
Ingestion Do not induce vomiting unless directed to do so by
medical personnel. Never give anything by mouth to an 
unconscious person. If potentially dangerous quantities of 
this material have been swallowed, call a physician 
immediately. Get medical attention if symptoms occur.
Notes to physician Treatment should in general be symptomatic and directed 
to relieving any effects.
Note: High Pressure Applications
Injections through the skin resulting from contact with the
product at high pressure constitute a major medical
emergency. Injuries may not appear serious at first but
within a few hours tissue becomes swollen, discolored
and extremely painful with extensive subcutaneous
necrosis.
Surgical exploration should be undertaken without delay. 
Thorough and extensive debridement of the wound and 
underlying tissue is necessary to minimize tissue loss and 
prevent or limit permanent damage. Note that high 
pressure may force the product considerable distances 
along tissue planes.
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C2.5 Fire-fighting measures
Promptly isolate the scene by removing all persons from 
the vicinity of the incident if there is a fire.
No action shall be taken involving any personal risk or 
without suitable training.
Protective clothing (fire) Fire-fighters should wear appropriate protective 
equipment and self-contained breathing apparatus 
(SCBA) with a full face-piece operated in positive 
pressure mode.
Fire-fighting procedures
Hazardous combustion
products
Combustion products may include the following; 
metal oxide/oxides carbon oxides (CO, C02) (carbon 
monoxide, carbon dioxide) nitrogen oxides (NO, N 02  
etc.)
Fire/explosion hazards In a fire or if heated, a pressure increase will occur and 
the container may burst.
Extinguishing media
Suitable Use an extinguishing agent suitable for the surrounding
fire.
Not suitable Do not use water jet.
C2.6 Accidental release measures
No action shall be taken involving any personal risk or 
without suitable training. Keep unnecessary and 
unprotected personnel from entering. Do not touch or 
walk through spilled material. In Accordance with good 
industrial hygiene and safety work practices, airborne 
exposures should be controlled to the lowest extent 
practicable. Provide adequate ventilation. Wear 
appropriate respirator when ventilation is inadequate. Put 
on appropriate personal protective equipment (see 
Section 8). Stop leak if without risk. Move containers 
from spill area. Approach release from upwind. Prevent 
entry into sewers, water courses, basements or confined 
areas. Wash spillages into an effluent treatment plant or 
proceed as follows. Contain and collect spillage with non­
combustible, absorbent material e.g. sand, earth, 
vermiculite or diatomaceous earth and place in container 
for disposal according to local regulations (see section 
13). Dispose of via a licensed waste disposal 
contractor. Contaminated absorbent material may pose 
the same hazard as the spilled product.
Note: see section 1 for emergency contact information 
and section 13 for waste disposal.
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Environmental
precautions
Avoid dispersal of spilled material and runoff and contact 
with soil, waterways, drains and sewers. Inform the 
relevant authorities if the product has caused 
environmental pollution (sewers, waterways, soil or air). 
Personal precautions 
Large spill
Stop leak if without risk. Move containers from spill area. 
Dilute with water and mop up if watersoluble. 
Alternatively, or if water-insoluble, absorb with an inert dry 
material and place in an appropriate waste disposal 
container. Dispose of via a licensed waste disposal 
contractor.
Some states may enforce more stringent exposure limits.
While specific OELs for certain components may be 
shown in this section, other components may be present 
in any mist, vapor or dust produced. Therefore, the 
specific OELs may not be applicable to the product as a 
whole and are provided for guidance only.
Control Measures Use only with adequate ventilation. If user operations 
generate dust, fumes, gas, vapor or mist, use process 
enclosures, local exhaust ventilation or other engineering 
controls to keep worker exposure to airborne 
contaminants below any recommended or statutoiy limits.
Hygiene measures Wash hands, forearms and face thoroughly after handling 
chemical products, before eating, smoking and using the 
lavatory and at the end of the working period. 
Appropriate techniques should be used to remove 
potentially contaminated clothing. Wash contaminated 
clothing before reusing.
Personal protection 
Eyes
Skin and body 
Respiratory
Hands
Avoid contact with eyes. Safety glasses with side shields 
or chemical goggles.
Avoid contact with skin and clothing. Wear suitable 
protective clothing.
Use adequate ventilation. In accordance with good 
industrial hygiene and safety work practices, 
airborne exposures should be controlled to the lowest 
extent practicable.
The correct choice of protective gloves depends upon the 
chemicals being handled, the conditions of work and use, 
and the condition of the gloves (even the best chemically 
resistant glove will break down after repeated chemical 
exposures). Most gloves provide only a short time of
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protection before they must be discarded and replaced. 
Because specific work environments and material 
handling practices vary, safety procedures should be 
developed for each intended application. Gloves should 
therefore be chosen in consultation with the 
supplier/manufacturer and with a full assessment of the 
working conditions. Consult your supervisor or Standard 
Operating Procedure (S.O.P) for special handling 
instructions.
C2.9 Physical and chemical properties
Physical state Grease 
Color Blue.
Odor Petroleum
Density 890 kg/m3 (0.89 g/cm3)
Vapor pressure <0.013 kPa (<0.1 mm Hg)
Solubility insoluble in water.
€2.10 Stability and reactivity
The product is stable. Reactive or incompatible with the 
following materials: oxidizing materials. Under normal 
conditions of storage and use, hazardous decomposition
products should not be produced. Avoid all possible
sources of ignition (spark or flame).
Stability and reactivity 
Conditions to avoid 
Incompatibility with 
various substances 
Hazardous decomposition 
products
Hazardous polymerization Under normal conditions of storage and use, 
hazardous polymerization will not occur.
Possibility of hazardous 
reactions
Under normal conditions of storage and use, hazardous 
reactions will not occur.
C 2 .ll Toxicological information
Potential chronic health effects
Carcinogenicity No known significant effects or critical hazards.
Other information
C2.12 Ecological information
Ecotoxicity No testing has been performed by the manufacturer.
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C2.13 Disposal considerations
Waste information The generation of waste should be avoided or minimized 
wherever possible. Significant quantities of waste product 
residues should not be disposed of via the foul sewer but 
processed in a suitable effluent treatment plant. Dispose 
of surplus and non-recyclable products via a licensed 
waste disposal contractor. Disposal of this product, 
solutions and any by-products should at all times 
comply with the requirements of environmental 
protection and waste disposal legislation and any 
regional local authority requirements. Waste packaging 
should be recycled. Incineration or landfill 
should only be considered when recycling is not feasible. 
This material and its container must be disposed of in a 
safe way. Care should be taken when handling emptied 
containers that have not been cleaned or rinsed out. 
Empty containers or liners may retain some product 
residues. Avoid dispersal of spilled material and runoff 
and contact with soil, waterways, drains and sewers. 
NOTE: The generator of waste has the responsibility for proper waste 
identification (based on characteristic(s) or listing), transportation and 
disposal
C2.14 Transport information
Not classified as hazardous for transport (DOT, TDG, 
IMO/IMDG, lATA/ICAO)
C2.15 Regulatory information
All components are listed or exempted.
U.S. Federal Regulations
SARA 302/304/311/312 extremely hazardous
substances: No products were found.
SARA 302/304 emergency planning and notification: 
No products were found.
SARA 302/304/311/312 hazardous chemicals: No
products were found.
SARA 311/312 MSDS distribution - chemical 
inventory - hazard identification: Castrol 
Pyroplex Blue 1 : Immediate (acute) health hazard 
This product does not contain any hazardous ingredients 
at or above regulated thresholds.
SARA 313 
Form R - Reporting
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This product does not contain any hazardous ingredients 
at or above regulated thresholds.
Supplier notification This product does not contain any hazardous ingredients 
at or above regulated thresholds.
CERCLA Sections CERCLA: Hazardous substances.: Zinc alkyl
dithiophosphate; zinc sulfonate;
102a/103 Hazardous 
Substances (40 CFR 
Part 302.4):
Massachusetts
Substances None of the components are listed.
New Jersey Hazardous
Substances None of the components are listed.
Pennsylvania RTK 
Hazardous Substances
None of the components are listed.
California Prop. 65 California Prop 65: No products were found 
Other regulations
Canada inventory All components are listed or exempted.
China inventory (lECSC) All components are listed or exempted.
Japan inventory (ENCS) At least one component is not listed.
Korea inventory (KECI) At least one component is not listed.
Philippines inventory All components are listed or exempted.
(PICCS)
Australia inventory (AICS) At least one component is not listed.
REACH Status For the REACH status of this product please consult your 
company contact, as identified in Section 1.
C2.16 Other information
Label requirements CAUTION !
MAY CAUSE RESPIRATORY TRACT, EYE AND 
SKIN IRRITATION.
HMIS® Rating :
Health
Flamability
Physical
Hazard
Personal
protection
National Fire 
Protection 
Association (Ü.S.A) Health
Fire hazard 
Instability 
Specific hazard
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D1 RS232 Data Logger
D l.l Introduction
RS232 Data Logger by Eltima Software is an Open Source 
application (shipped under an open source license to study, change, and 
improve its design) which allows to redirect all communication data from 
RS232 compliant serial port device into a text file for further analysis.
D1.2 Other used for RS232 Data Logger
All data recorded as a text can be further analysed. For instance, 
paring global positioning data (coordinates) from GPS device connected to 
notebooks via serial port to track movement; or investigate and learn how 
serial ports work.
D1.3 Main features
© Redirect incoming data stream into a text file from different serial ports 
simultaneously.
® Select the file to redirect incoming data for each port.
© Real-time counter of the received and stored bytes.
© Collect data from the real serial ports as well as from virtual ones.
© Disable/enable logging on-the-fly.
© Append incoming data to already existing file.
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• Specify serial port connection parameters (baudrate, parity, stop bits, 
flow control, databits).
• Source code is provided (MFC/C++ VC7.1).
• Works under Virtual Machines.
D1.4 Interface and usage
When the application is launched, it displays the following;
RS232 Data Logger by Eltima Software 2 .7  freew are
Available ports 
'^ C O M l [Started]
Serial port options 
Baudrate 9600
Data bits 8
Parity None
Stop bits 1
Flow control Hardware
Statistics
Bytes received from port 0 bytes 
Total bytes in file 0 bytes
Status Logging started
stop logging
Eltima SoUware GmbH - click for other products
V  :
Help
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RS232 Data Logger has a simple and easy to understand interface.
All is needed is the selection of the serial port, specify the file to redirect to, 
define the serial port's parameters and click "Start logging" button.
Dl.4.1 Available ports
This lists the available serial ports in the system as well as the 
logging status (whether the communication data is redirected into a file 
already). RS232 Data Logger does not differentiate virtual and real serial 
ports.
Dl.4.2 Log file
"Log file" setting is the text field with the name of the file where the 
communication data will be redirected to and "Open file" button that 
invokes "Open file" dialog to select the destination text file. After selecting 
the file "Start logging" button must be clicked in order to start the logging 
process.
Dl.4.3 Append to file
This option defines whether the communication data should be 
appended to the end of the existing file or content of the file should be 
cleared to start writing from the beginning.
Dl.4.4 Serial port options
This group of options allows selection of the communication 
parameters to match serial port needed to log. Specifying incorrect values 
will result in a failure to log the data.
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Baudrate is a rate at which bits are transmitted (bits per second). In 
the serial port context, "9600 baud" means that the serial port is capable of 
transferring a maximum of 9600 bits per second. RS232 Data Logger 
supports all standard baud rates (100, 300, 600, 1200, 2400, 4800, 9600,
14400,19200,38400, 57600,115200,128000, and 256000 bits per second).
Data bits option specifies the number of data bits to transmit. 
Usually, the transferred bits include the start bit, the data bits, the parity bit 
(if used), and the stop bits. However, only the data bits carry useful 
information. Data bits cn be configured to be 5, 6, 7, or 8. Data is 
transmitted as a series of five, six, seven, or eight bits with the least 
significant bit sent first. At least seven data bits are required to transmit 
ASCn characters. Eight bits are required to transmit binary data. Five and 
six bit data formats are used for specialized communication equipment.
Parity specifies the parity checking type. Parity can be one of the 
following: none, odd, even, mark, or space. If Parity is none, parity 
checking is not performed and the parity bit is not transmitted. If Parity is 
odd, the number of mark bits (Is) in the data is counted, and the parity bit is 
asserted or unasserted to obtain an odd number of mark bits. If Parity is 
even, the number of mark bits in the data is counted, and the parity bit is 
asserted or unasserted to obtain an even number of mark bits. If Parity is 
mark, the parity bit is asserted. If Parity is space, the parity bit is unasserted.
Stop bits option defines the number of bits used to indicate end of a 
byte. Stop bits could be 1, 1.5, or 2, however almost all contemporary 
devices are configured to 1 Stop bit.
Flow control defines the Flow control type. Flow control is usually 
used to ensure that the receiving serial port device can handle all of the 
incoming data sent to it. RS232 Data Logger provides Flow control:
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Xon/XofF (commonly used for asynchronous communication). Hardware 
and None.
Dl.4.5 Statistics
RS232 Data Logger offers two counters: "Bytes received from port" 
and "Total bytes in file" that display real-time information about data 
received from the selected port and total bytes in the logging file 
respectively. This information is useful to check whether the 
communication data is correctly logged. The serial port status is shown at 
the corresponding field below.
Dl.4.6 Start logging
This button enables the logging process for the selected serial port.
Once the serial port is opened, "Start logging" button's caption will be 
changed to "Stop logging".
D1.4.7HeIp
This button launches User Manual.
D1.5 RS232 Data Logger - System requirements
RS232 Data Logger will run on any computer systems that meets the 
minimum requirements listed below.
Minimum system requirements
Processor- Pentium II class at least 200 MHz
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OS- Windows 95, 98, NT4, Me, 2000, XP, 2003
RAM- 64 MB
Disk Space- 3-5 MB of initial free disk space 
Video- 800x600, True Color
For improved performance:
Processor 1 GHz or more
RAM- 256 MB or more
Video- 1024x768, True Color 32 bit
D2 Data transfer using Microsoft Excel
The data obtained using RS232 Data Logger is in the text format, as 
mentioned above. To save and analyse the acquired data, it would need to 
be converted to Microsoft Excel. Opening the text data in Excel would start 
its importing data wizard, which has the following steps:
D2.1 Stepl-Text data column form.
This step identifies the type of separation that exists between the text 
data. These can be spaces between columns or characters, such as commas 
or semicolons. The text data generated by the PUNDIT has no space 
separation.
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Text Import W izard Step 1 of 3
The Text Wizard has determined that your data is Delimited.
If this is correct, choose Next, or choose the data type that best describes your data.
Original data type
Choose the file type that best describes your data:
(* iDeiimitedl - Characters such as commas or tabs separate each field.
C  Fixed wdth - Fields are aligned in columns with spaces betw een each field.
Start import at row; fl
Preview of file G:\Pundit Data LogNC07-R440L420.txt.
j J Z 0 0 8 0 S 0 i T 1 2 2 S 0 9 , i 7 9 . 2 u S  
2 _ 2 0 0 8 0 £ 0 1 T 1 2 2 £ 1 4 ,1 7 9 .0 u S  
^ 2 0 0 8 0 5 0 1 7 1 2 2 5 1 9 ,1 7 8 .  3uS 
l _ 2 0 0 8 0 S 0 i T 1 2 2 £ 2 4 , 1 7 7 .0 u S  
5 _ 2 0 0 8 0 5 0 1 T 1 2 2 5 2 9 ,1 7 9 .0 u 5
File origin: jWindows (ANSI)
J
Cancel Next > Finish
D2.2 Step2- Type of delimiters separating data
The characters that separate the data are identified here. These can 
be one or a combination of tab, comma, semicolon, space, or any other 
character that can be specified in the entry space provided (marked as 
other). For the PUNDIT this was tan, comma, and u as other.
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Text Import W izard ^  Step 2 of 3
This screen lets you set the delimiters your data contains. You can see  
how your text is affected  in the preview below.
Delimiters
iV Tab r  Semicolon iV Comma
r" Space 1 / Other: (u
Data preview
r~ Treat consecutive delimiters as one 
Text gualifier: I
200805011122509 179-2 3
20080501T122S14 179.0 3 1
20080S01T122519 178. 3 5
20080501T122524 177. 0 3
20080501T122529 179.0 s
J
Cancel < Back Next > Finish
D2.3 Step3- Finish
The final step is to confirm the selection of each imported data 
column as numeric data (general data format) or text. Having made the 
selection the final option is to select the Finish tab at the bottom of the 
screen to complete the process and display the data in separate columns in a 
new Excel worksheet.
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This screen lets you select each column and set  
the Data Format.
Column data format 
General
'General' converts numeric values to numbers, date ^  le x t
values to dates, and all remaining values to text. ^  | d^
I T" Do not import column (skip)
Data preview 
beniaral genera Sattscai.
20080S01T122509
200805011122514
20080S01T122S19
200805011122524
20080S01T122S29
179.2 
179. 0 
178. 3
177.0
179.0
Cancel < Back Finish
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E l K type thermocouple certificates
(h r
RS Components
S ta te m e n t o f  C onform ity
This certificate confirms that the product detailed below complies 
with the specifications currently published by RS Components and 
has been subject to the quality conditions of our registration to the 
BS EN 1809001:2000 management standard. Furthermore, where 
applicable, it provides assurance that all electrostatic discharge 
sensitive devices have been handled and packed under conditions 
that meet the administrative and technical requirements of the 
ANSI/ESD 820.20:1999 and the B8 EN 61340-5-1:2001 
electrostatic control standards.
R8 Stock No.
Description K PIPE welded tip insulated thermocouple
Manufacturer/Brand :
Manufacturers Part No.
The foregoing information relates to product sold on, or after, the 
date shown below.
Quality System s Manager
RS COMPONENTS 
Date Dec 16 2008
236
Appendix E Temperature measurement o f concrete
RoHS ftoHS T m st«dliiKrx* No. 
KM5000CM
RS Components
RoHS Certificate of Compliance
EU Directive 2002/95/EC restricts the use of the 6 substances 
below in the manufacture of specified types of 
electrical equipment.
Whilst this restriction does not legally apply to components, it is 
recognised that component "compliance" is 
relevant to many customers.
RS definition of RoHS Compliance:
• The product does not contain any of the restricted 
substances in concentrations and applications 
banned by the Directive,
• and for components, the product is capable of being 
worked on at the higher temperatures required
by lead-free soldering
The restricted substances and maximum allowed concentrations 
in the homogenous material are, by weight:
Substance Concentration
Lead 0.1%
Mercury 0.1%
PBB (Polybrominated ^ . q.
Biphenyls)
PBDE ( Polybrominated ^ . q .
Diphenyl Ethers) ' °
Hexavalent Chromium 0.1%
Cadmium 0.01%
The supplier of the item listed below has informed RS 
Components that the product is "RoHS Compliant".
RS Components has taken all reasonable steps to confirm this 
statement. Information relates only to
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products sold on or after the date of this certificate.
Compliant product details
RS stock number
Product description:
Manufacturer/Brand:
Manufacturer's part 
number:
Quality System s M anager
Date: Dec 16 2008
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E2 TC-08 Thermocouple Data Logger
The TC-08 connects to the USB port of a Windows based PC and 
enables the host PC to automatically detect the TC-08. Some additional 
features are listed below.
Technical specification
No. of channels
8 miniature
thermocouple
inputs
Accuracy The sum of ±0.2% and 0.5°C
Overload protection >±30V
Voltage input range ±70mV
Maximum sampling 
rate
10 readings per 
second (100ms)
Resolution 20 bits
Output connectors USB.l -  connector cable supplied
Dimensions 85 X  145 X  25mm
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Key characteristics
Thermocouple
Type
Overall 
range °C
0.1°C
Resolution
0.025°C
Resolution
B 20 to 1820 150 to 1820 600 to 1820
E -270 to+910 -270 to +910 -260 to +910
J -210 to +1200
-210 to 
+1200
-210 to 
+1200
K -270 to +1370
-270 to 
+1370
-250 to 
+1370
N -270 to +1300
-270 to 
+1300
-230 to 
+1300
R -270 to +1300
-270 to 
+1300 20 to +1760
S -50 to +1760 -50 to +1760 200 to +1760
T -270 to +400 -270 to +400 -250 to +400
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E3 PicoLog data acquisition software
The PicoLog data acquisition software is a program that is used in 
conjunction with the Pico data logger, to allow the collection, display, and 
analysis of heat and humidity data, as shown in figure below.
«■
'ima
Some of PicoLog software features are listed below.
Collect up to 1 million samples.
Easy and intuitive to use.
Compatible with Pico Data Loggers (except EnviroMon). 
International language versions.
Easy to set up and use with online help.
Real-time data collection, analysis and display. 
Programmable alarm limits can be set for each channel. 
Data can be exported to spreadsheets and databases.
Save multiple setups for different tests and experiments.
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o Can be used with desktop or laptop PCs.
® Supports multiple loggers on the same PC.
o Uses your PC monitor to give large colour display, ideal for education 
and training.
® Waveforms can be saved, printed, faxed or emailed from your PC.
® Supports 32- and 64-bit editions of Windows XP (SP2 and above),
Vista and Windows 7.
E3.1 Multiple views
PicoLog displays data in a number of views, which can be activated 
whenever required. These views can be activated during and after data 
collection.
Recorder View
Enables the start/stop of recording and specify the recording files. It shows 
the current readings and alarm conditions for each channel. All settings such 
as scaling, channels and sampling are controlled from the recorder view.
X Y graph view
Displays one parameter against another, such as plotting voltage against 
current.
Spreadsheet View
Displays text data in a format that can be easily copied into other 
applications. Data can also be saved to disk in standard ASCII text format.
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Graph View
Graphs can be displayed both during and after data collection. Each channel 
can be displayed in a graph or with multiple channels in the same graph.
Axes can be set up manually, automatically or in chart recorder mode. 
Multipliers allow magnifying areas of interest. Graphs can be copied into 
the reports.
Notes View
Notes view allows attaching notes to data.
Player View
Displays previously recorded data. This allows quick comparison between 
results on successive runs. The player can be used to examine old data while 
recording new data.
E.3.2 Program modes
PicoLog for works in two modes; player mode for displaying 
previously recorded data and recorder mode for recording new data. More 
than one copy of PicoLog for Windows can be running at once, to enable 
the analysis of old data during the recording of new data. Data from 
multiple converters can collected at the same time. This allows a mix of 
voltage input units to be used on the same PC and also allows other PC- 
based instruments such as the TC-08 Thermocouple Data Logger and the 
PicoScope 2203 USB Oscilloscope to be used at the same time.
243
Appendix E Temperature measurement of concrete
fi»  V»w
cmcomiHj.ptw 
Stopped »«er 371
a*
O Tem p CtiMiMl I - Type K 29$ 59 *C
8 Temp ChMoe) 2 - Type T 19,51 *CRoom Tempe rsture 
O S eood  level Olipht 
Ovottape
2», 95 ’CM 2 dBA
1230 mV
aæüdWLd w m
CIPiCOLOG 
CAR.PLW 
Sample 1S00Ü
ïsâ&Mm
C :\Picoi OG 
OISCHARG.f»tW 
23/03/1998 11:26:56 
2765 sam ples
mam
retïi
M » I  ♦  W e« tren «  ?»»»»«• *  TtM  $ « » M r 1
Exporting Data
Data can easily be copied (either as graphs or raw data) to other 
Windows applications. Graphs can also be saved to disk (as Windows 
Metafiles) and data from the spreadsheet can be saved in text format. 
Current readings can be transferred using Dynamic Data Exchange (DDE). 
PicoLog also supports IP networking so it is possible to transfer 
measurements from a remote site via an existing LAN or even the Internet.
Useful Features
Parameter Scaling can be used to convert raw data into standard 
engineering units. A range of equation and table lookup scaling options are 
provided, with ability to calculate additional parameters. Alarm Limits can 
be set for each channel to alert for exceeding a specified range. PicoLog
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data acquisition software supports IP networking. This enables remote data 
collection from Pico’s full range of data acquisition products.
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Pico data logger and PicoLog data software are products of Pico 
Technology, Cambridgeshire, United Kingdom.
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F l Adhesive for DEMEC stud fixing
Further details relating to the epoxy-resin adhesive used for 
attaching the DEMEC studs to the concrete surface are provided below.
Advanced Materials
Araldite®90 Seconds
OlY Adhesives
TECHNICAL DATA SHEET
Araldlte®90 Seconds
Two part epoxy adhesive for DIY
Other commer­ « Araldite* Super Glue +
cial names • Araldite® inslant Clear
• Araidite® Fusion
• Araidite* 90 Segundos Fusion
• Araldite® 90 seconds Fusion
• Araldite® 90 secondes
Key properties • Very rapid curing at room temperature
♦ Transparent/pale coloured 
» 1 :1  mixing
« Solvent free
Description Araldite* 90 Seconds is a tm  part transparent epoxy adhesive gelling h 90 seconds. The product may be used to 
bond metals, ceramics and many common plastics.
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Typical product 
data
Property Araldite* 90 Seconds 
Resin
Araldite® 90 Sec­
onds Hardener
Mixed Adhesives
Colour (visual) transparent pale ye W pole yellow
Specific gravity 116 1.14 1.16
\^s«)sltyot25‘C(Pas) 18-45 10-20 ca.25
PotLif8(2gm at25'C) - ■ 90 seconds
P r o c e s s in g  Pretreatment
The strengft and durability of a bonded joint are dependant on froper treatment of the surfaces to be bonded.
At the very least, joint surfaces shcHild be cleaned with a good degreasmg agent such os acetone, trichloroethylene 
or proprie*^ degreasing agent m order to remove all traces of oil, grease and dirt, 
i^cohol, gasoline (petrol) or paint Mnners shoWd never be usW.
The strongest and most durable joints are obtained by either mechanically abradii^ or chemically etching ('pick­
ling") the degreased su rfa is . Abrading should be folW ed by a  serond degreasing treatment
Mix ratio Parts by weight Parts by volume
Araldite* 90 Seconds Resin 100 100
Araldite* 90 Seconds Hardener 100 100
The resin and hardener should be blended until they form a  homogeneous nvx.
Application of adhesive
The restahardener mix may be applied directly or with a  spatula to the pretreated and diy joint surfaces. A layer of 
adhesive 0.05 to 0.10 mm thick will normally impart file greatest lap shear strength to the joint Huntsman stresses 
that proper adhesive joint design is also critical for a  durable bond. The jrnit components should be assembled and 
seciffed in a  fixed position as  socxi as the adhesive has Wen api^ied.
Equipment maintenance
AH tods should be cleaned with hot v/aler and soap before adhesives residues have had time to cure. The removal 
of cured residues is a  difficult and lime-consuming operafion.
If solvents such as  acetone are used for cleaning, operatives should take the appropriate precautions and, in addi­
tion, avoid skin and eye contact.
Times to minimum shear strengtli
Temperature »C 10 15 23 40 60
Cure time to reach hours - - • • -
LSS>1N/mm* minutes 15 ID 5 2 1
Cure time to reach hours - - - - -
LSS>10N/mnf minutes 150 100 60 20 5
LSS» Lap shear strength.
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Typical cured Average lap shear strengths of typical metal-to-metal joints (ISO 4587)
properties Cureo for 16 hours at 40“C and tested at 23'C.
Pre-treatment: plastics abraded, metals sandblasted.
Aluminium 
Stainless s te e l V4A 
Galvanised s tee l 
Copper 
Brass
Polyamide(nylon6)
Polycarbonate
PVC
ABS
SMC
Mmm * 0 5 10 15 20 25 30
Lap shear strength versus temperature (ISO 4587) (typical average values) 
Carried out (XI aluminium cure= 16 hours at 4 0 'C
N'mm '
25
20
15
10
5
0- ^
■C -40 20■20 0 40 60 80 100
storage Araldite* 90 Seconds may be stored for up to 3 years at 2 - 40 ‘C. The expiry date is indicated on the label.
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Handling
Precautions
Caution
Our products are generaüy quite harmless to handle provided that certain precautions nomvally taken vrtien handling 
chemicals ore observed. The uncured materirds must not, for irstance, be allowed to come into contact with food- 
stuRs cr food utensils, and measures stîould t>e taken to prevent the uncured materials from coming in contact with 
the slun, since people wftti pargcdarly sensitive skin may be affected. The wearing of impervms rubber or plastic 
gloves w3l normally be necessary; Skewise the use of eye protection. The skin should be thoroughly deansed at tlve 
end of each working period by washing with soap and warm water. The use of sdvents is to be avwled. Dispos- 
ËWe paper - not cloft towels - should be used to dry the skin. Adequate ventilation of the working area is recom­
mended. These precaubons are described in greater detail in the Material Safety Data sheets Bre Lndfvidual 
products and should be referred to for luHer information.
Huntsman Advanced Materials 
(Svriterland) GmbH 
KtybecKstrasse 200 
4057 Basel 
Switzerland
Tel: +41(0)51 29911 11 
Fax+41 (0)5129911 12
www.huntsman.conv'ad'/anced_materio!s 
Email: odv3ncedjnateriais@huntsman.com
H uS T .s\ ATancfrC w iîra is  » T ta ra  c ry  Csaî îs  pnUicis mee! 6+ sf+U'caCons ïgrHS w ïi Cie by+r. Tj'plca! prcper- 
tss.s-Ssra tUteS, are to t*  csrcSê 'ïS  es Rptssertoîve c? cjneri  ^ Kittoisr. jrd  tnwlS rct M  ir ts a a  u  ip * c f« ïo rs .  
Trié îra-îütocîsî or n r s s ra s  îs me cf g r jn s î  pK eia arc  paten açpitators; freecjn  to cpeate patented proo- 
esses Is nc: Itrçiiel by Ms psâücaàn.
W'Süe a* n e  w orra ton  as3 reanrmsnsSoTE in t r a  ^ i i a t o n  are, to toe best or o lt Inw leige, in rm aasn  ana beter. 
sKtotoe at toe cate or poM catn. N o r m s  h e r b n  c  TO EE c c n o ts u e d  a s  a  viKmsix. e x p r e s s  o r  
OTMERWISE.
IS ALL CASES. IT IS THE RESPCNSEiUTY OF THE USES TO DETERMINE THE APPUCASirTY OF SUCH 
tS'FOSVATiON AN3 SECOmtENOATIOKS AND THE SWTA5ILITY OF ANY PRODUCT FOR ITS OWN PARTICULAR 
PURPOSE.
Tr.e cersj'.toiï crtoeproautos rerereî to to Ms pitoitsarx to. îraniiatoitorg prscesses ard  toes itrtobcy  n  any gven end- 
use en idnraert a *  «pendent cpcn vartous K ra ad rs  rjcft as itoeraiis conpatoJiKy, teT.perfâre, and ctner sarasies, 
a n a  are rot m oan to Hunsnnan AtowKd Materais. It is toe respxstoity cf toe userto  evauate toe mnaracajrng 
Ê rcm to n tes  and toe Cna pmdas order a  A i ï  endcjse re#e.Tiento and to adeaaie-y ad'.lse and aam  ptrctasers and 
users trereof.
Pracufis may t e  toxto and reqoTe (peta l preauaons to hanstoj. Ttie «sertrotiis e t à n  SÆely Data sn e e s  Com m m s- 
fnar. Ad.anoad Materas coniaintog detailed tofocration on toxSty. togetoer »Ti proper smpptog. banamg and storage 
procetoaes. and snajis ecnply w:to at apptiwoie t^ e y  and CT.trtronenai standards.
HaarrS, toxuy  and teruvloti of toe prodists nay c î e r  alien used into otoer naS rü is and are dependent on manufactur­
ing crcutostances or ctrer pm ceses Sucft haaras. toxesy ana bero-voar snoua be d e ta in e d  by tne user ana made 
tn o in  to Handlers. prodeMor* and end users.
Excejt »nere sxpisrty ag-etd otoencse. toe sa e  of produss re'errea to to tils pubtcaan s  :uoect o  toe general tecra 
and condiaons cf t s e  cf Huntsman Advanced Materais U.C or ^  its atotated osnparses tooudng wtnc«t indtoSon, 
Hanismyi Advanced Matena’s  (Europe) EVEA Huntsman Advanced Matenas Americas inc., and Hurtsnan Ad-ance: 
MtoertosfHorg Kong) Ltd.
Huntsmsi Advanced Malertais is an Irternatorral business unit cf Huntsman Carporatsn. HunBman Advan-ced Watedas 
fades toitough Huntsman iTBated companies to drterent icurmes tooudrg tut r a  amCe-d to Huntsman Advanced Maten- 
ais UC fn tne UDA and Huntsman Advanced Matertais (Eupce) E'vEA to Europe
( Araice j ‘s  a regstere: trademart of Huntsman CKpsratlcn sr an aftt'aie toerecf.
Copyr^nteocOj Huntsman Ccrporatscn ora.natFcate to.ereof. A! rtgnts reser.el
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F2 Strain indicator and recorder - load cell display
This unit was used in conjunction with a load cell for the display of 
the applied load to concrete undergoing creep testing. Details relating to this 
unit are provided below [DocumentNumber: 11102 - www.vishaymg.com]
Vishay Micro-Measurements -  P3 
Strain Indicator and Recorder 
FEATURES
• Four input channels
• Direct reading LCD display
• On-board data storage
• 0 to 2.5Vdc analog output
• Quarter, half and full bridge circuits
• Built-in bridge completion
• 120-, 350- and 1000-ohm dummy gages
• Automatic zero-balancing and calibration
• Intuitive, menu-driven operations
• USB data link
• Operation from keypad or PC
• Portable, lightweight and rugged
• Battery, USB or line-voltage power
• Optional 10-pin transducer connectors.
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DESCRIPTION
The Model P3 Strain Indicator and Recorder is a portable, battery-operated 
instrument capable of simultaneously accepting four inputs from quarter-, 
half-, and full-bridge strain-gage circuits, including strain-gage-based 
transducers. Water-resistant grommets in the hinged cover allow the lid to 
be closed with lead wires attached. Designed for use in a wide variety of 
physical test and measurement applications, the P3 functions as bridge 
amplifier, static strain indicator, and digital data logger.
The Model P3 Strain Indicator and Recorder, utilizing a large LCD display 
for readout of setup information and acquired data, incorporates many 
unique operating features that make it the most advanced instrument of its 
kind. An extensive, easy-to-use menu-driven user interface operates through 
a ffont-panel keypad to readily configure the P3 to meet any particular 
measurement requirements. Selections include active input and output 
channels, bridge configuration, measurement units, bridge balance, 
calibration method, and recording options, among others.
Standard sensor input connection is via eccentric-lever release terminal 
blocks. Optional transducer connection is available via side-mounted 
bayonet locking circular connectors.
Data, recorded at a user-selectable rate of up to 1 reading per channel per 
second, is stored on a removable flash card and is transferred by USB to a 
host computer for subsequent storage, reduction and presentation with the 
supplied software.
The P3 can also be configured and operated directly from a PC with a 
separate software application included with each instrument. Additionally, a
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full set of ActiveX components is provided for creating custom applications 
in any language supporting ActiveX.
A highly stable measurement circuit, regulated bridge excitation supply, and 
precisely settable gage factor enable measurements of ±0.1% accuracy and 
1 microstrain resolution. Bridge completion resistors of 120,350 and 1000 
ohms are built in for quarter-bridge operation. Also, input connections and 
switches are provided for remote shunt calibration of transducers and full- 
bridge circuits.
The P3 operates from two readily available D cells. Battery life depends 
upon mode of operation but ranges up to 600 hours of continuous use for a 
single channel. It can also be powered by connection to an external battery 
or power supply, a USB port on a PC or with an optional external line- 
voltage adapter, the Model P3-A105.
HARDWARE SPECIFICATIONS
All specifications nominal or typical at +23 °C unless noted.
Inputs:
Eccentric-lever-release terminal blocks accept up to four independent bridge 
inputs. Accommodates 16-28 AWG (1.3 to 0.35mm diameter) wire.
The Transducer Option includes four 10-pin bayonet locking circular 
connectors mounted on the side of the case and wired in parallel to the 
lever-release terminal blocks. The supplied mating connector has a 
0.046inch (1.17mm) diameter solder well.
Bridge Configurations:
Quarter-, half-, and full-bridge circuits. Internal bridge completion provided 
for 1200, 3500 and lOOOO quarter bridges, 60 to 20000 half or full bridge. 
Display:
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Full dot-matrix structure with 128 dots x 64 dots FSTN positive, gray 
transflective LCD with backlight. Display update is twice a second.
Data Conversion:
High-resolution sigma-delta converter. 60Hz or 50Hz noise rejection. User 
selectable.
Basic Range:
±31,000 microstrain (±1 microstrain resolution) at Gage Factor = 2.000.
Accuracy:
±0.1% of reading ±3 counts. (Normal mode operation at Gage Factor =
2.000)
Gage Factor Settings:
Range 0.500 to 9.900.
Balance:
Single key operation to initiate automatic software balance.
Bridge Excitation:
1.5Vdc nominal. Readings are fully ratio metric, and not degraded by 
variation in excitation voltage.
Communication Interface:
Universal Serial Bus with type B connector. Used for transferring stored 
data and firmware.
Data Storage:
Media: Removable Secure Digital or Multimedia Card (2GB max). Data 
Recording Rate: 1 reading per second maximum.
Calibration:
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Shunt calibration across each dummy resistor to simulate 5000 microstrain 
(± 0.1%). Remote calibration supported via accessible switch contacts at 
input terminal block.
Analog Output:
BNC connector. 0 to 2.5V maximum output. Device impedance of 20000 
or greater. 480 samples/second DAC output update rate.
Power:
Internal battery pack using two “D” cells. Battery life up to 600 hours 
(single channel, normal mode.) Can also be powered from USB or by 
external battery or other power source of 6 to 15Vdc. AC adapter optional 
(Model P3-A105).
Operational Environment:
Temperature 0 to + 50°C. Humidity up to 90% RH, noncondensing.
% w
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FIRMWARE FEATURES 
Display Update Rate:
• 2 readings per second.
Recording Rates:
• Up to 64 data files.
• Automatic recording:
- 1  reading every 1 to 3600 seconds.
-  individually selectable per channel.
• Manual Recording.
• Automatic date/time stamping.
Scaling:
• Automatic scaling for microstrain, based upon gage factor, with 
nonlinearity correction based upon bridge type.
• Automatic calculation of mVA .^
• Linear scaling for other engineering units.
Units:
• f/e • g # rpm • hp
• mV/V • Ibf •  m • deg
•  psi # it) • s # rad
• ksi • kg • A ♦ oz
• GPa ♦ in • N • mV
• MP3 * mm • V • m/s2
* Pa • mil ♦ Ohms • ton
Bridge Types:
• Quarter bridge.
• Half bridge, adjacent arms, equal and opposite strains.
• Half bridge opposite arms equal strains.
• Shear bridge, 2 active arms.
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• Poisson half bridge.
• Full bridge 4 fully active arms.
• Shear bridge, 4 active arms.
• Full bridge, Poisson gages in opposite arms.
• Full bridge, Poisson gages in adjacent arms.
• Undefined full bridge.
• Undefined half bridge/quarter bridge.
Bridge Balance:
• Automatic
• Manual offset adjust
• Disabled (Raw offset)
Backlight Control:
• Programmable on time while in run mode:
-  5,15 or 60 seconds.
-  Manual off/on.
• If illuminated, backlight will remain illuminated while operating menus.
Software Adjustable Contrast
Operating Modes:
• Normal mode.
• Analog output (any one of four channels.)
Data Link:
• USB interface
• Windows-based P3 software provided for control and data storage.
• No device driver required (treated as an HID device).
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Real-time Clock
System Calibration/Verification:
• Requires Model 1550A Strain Indicator calibrator or other compatible 
calibrator.
• Calibration date stored in flash memory.
Firmware Upgradeable
View Showing Optional Transducer Input connectors:
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Details of the statistical analysis for the significance of variation 
between the alternative concretes and normal (control) concrete are provided 
in this appendix, for the different w/c ratios considered. Minitab 16 statistical 
software was used for the different analysis. This was performed for strength, 
UPV, and rebound number measurements. Significance was tested using t-test 
for all strength. Rebound number, and intermittent UPV measurements, as 
they were all normally distributed. Mann-Whitney significance test was used 
for continuously obtained UPV data, as they were not normally distributed.
G1 Very early age strength of concrete.
Up to 11 hours strength measurements (R-early) for all concrete types and 
varying mix proportions
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Normality test of measured results using Kolmogorov-Smimov test, 
P value > 0.05 indicates normally distributed data
w/c ratio Gravelconcrete
RCA
concrete
Recycled
asphalt
concrete
Lytag
concrete
0-1 day
0.4 >0.150 >0.150 >0.150 >0.150
0.5 >0.150 >0.150 >0.150 >0.150
0.6 >0.150 >0.150 >0.150 >0.150
0.7 >0.150 >0.150 >0.150 >0.150
Two-Sample T-Test and Cl: R-early-Norm-0.4, R-early-RCA-0.4
Two-sample T for R-early-Norm-0.4 vs R-early-RCA-0.4
N Mean StDev SE Mean
R-early-Norm-0.4 5 2.39 1.53 0.68
R-early-RCA-0.4 9 1.625 0.940 0.31
Difference = mu (R-early-Norm-0.4) -  mu (R-early-RCA-0.4)
Estimate for  d ifferen ce :  0.765
95% Cl for  d ifferen ce :  (-1 .168 , 2.698)
T-Test o f  d if feren ce  = 0 (vs not =): T-Value = 1.02 P-Value = 0.356 OF 
= 5
Two-Sample T-Testand Cl: R-early-Norm-0.4, R-early-RA-0.4
Two-sample T for R-early-Norm-0.4 vs R-early-RA-0.4
N Mean StDev SE Mean
R-early-Norm-0.4 5 2.39 1.53 0.68
R-early-RA-0.4 6 3.05 1.76 0.72
D ifference = mu (R-early-Norm-0.4) -  mu (R-early-RA-0.4)
Estimate for d ifferen ce :  -0 .660
95% Cl for d ifferen ce :  (-2 .947 , 1.627)
T-Test of d if feren ce  = 0 (vs not =): T-Value = -0 .67  P-Value = 0.524  
DF = 8
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Two-Sample T-Test and Cl: R-early-Norm-0.4, R-early-L-0.4
Two-sample T for  R-early-Norm-0.4 vs R-early-L-0.4
N Mean StDev SE Mean
R-early-Norm-0.4 5 2.39 1.53 0.68
R-early-L-0.4  6 4.19 2.01 0.82
D ifference = mu (R-early-Norm-0.4) -  mu (R-early-L-0.4)
Estimate for d if feren ce :  -1 .8 0
95% Cl for d if feren ce  : ( -4 .2 6 ,  0.67)
T-Test of d if feren ce  = 0 (vs not =): T-Value = -1 .68  P-Value = 0.131  
DE = 8
Two-Sample T-Test and Cl: R-early-Norm-0.5, R-early-RCA-0.5
Two-sample T for R-early-Norm-0.5 vs R-early-RCA-0.5
N Mean StDev SE Mean
R-early-Norm-0.5 6 1.506 0.808 0.33
R-early-RCA-0.5 10 1.665 0.856 0.27
D ifference = mu (R-early-Norm-0.5) -  mu (R-early-RCA-0.5)
Estimate for d ifferen ce :  -0 .159
95% Cl for d if feren ce  : (-1 .098 , 0.779)
T-Test o f  d if feren ce  = 0 (vs not =): T-Value = -0 .37  P-Value = 0.716  
DF = 11
Two-Sample T-Test and Cl: R-early-Norm-0.5, R-early-RA-0.5
Two-sample T for R-early-Norm-0.5 vs R-early-RA-0.5
N Mean StDev SE Mean
R-early-Norm-0.5 6 1.506 0.808 0.33
R-early-RA-0.5 6 1.252 0.741 0.30
Difference = mu (R-early-Norm-0.5) -  mu (R-early-RA-0.5)
Estimate for d if feren ce  : 0.253
95% Cl for  d if feren ce  : (-0 .759 , 1.266)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 0.57 P-Value = 0.586 DF 
= 9
Two-Sample T-Test and Cl: R-early-Norm-0.5, R-early-L-0.5
Two-sample T for R-early-Norm-0.5 vs R-early-L-0.5
N Mean StDev SE Mean
R-early-Norm-0.5 6 1.506 0.808 0.33
R-early-L-0.5  5 2.00 1.46 0.65
Difference = mu (R-early-Norm-0.5) -  mu (R-early-L-0.5)
Estimate for d if feren ce  : -0 .498
95% Cl for d if feren ce  : (-2 .383 , 1.387)
T-Test o f  d ifferen ce  = 0 (vs not =): T-Value = -0 .68  P-Value = 0.527  
DF = 5
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Two-Sample T-Test and Cl: R-early-Norm-0.6, R-early-RCA-0.6
Two-sample T for R-early-Norm-0.6 vs R-early-RCA-0.6
N Mean StDev SE Mean
R-early-Norm-0.6 5 1.240 0.701 0.31
R-early-RCA-0.6 6 0.822 0.696 0.28
Difference = mu (R-early-Norm-0.6) -  mu (R-early-RCA-0.6)
Estimate for d ifferen ce :  0.418
95% Cl for d if feren ce :  (-0 .558 , 1.394)
T-Test o f  d i f feren ce  = 0 (vs not ==) : T-Value = 0.99 P-Value = 0.352 DF
Two-Sample T-Test and Cl: R-early-Norm-0.6, R-early-RA-0.6
Two-sample T for R-early-Norm-0.6 vs R-early-RA-0.6
N Mean StDev SE Mean
R-early-Norm-0.6 5 1.240 0.701 0.31
R-early-RA-0.6 5 0.768 0.493 0.22
Difference = mu (R-early-Norm-0.6) -  mu (R-early-RA-0.6)
Estimate for d if feren ce :  0.472
95% Cl for  d if feren ce  : (-0 .435 , 1.378)
T-Test o f  d i f feren ce  = 0 (vs not =): T-Value = 1.23 P-Value = 0.258 DF 
= 7
Two-Sample T-Test and Cl: R-early-Norm-0.6, R-early-L-0.6
Two-sample T for R-early-Norm-0.6 vs R -early-L-0.6
N Mean StDev SE Mean
R-early-Norm-0.6 5 1.240 0.701 0.31
R -early-L-0.6  5 1.923 0.973 0.43
Difference = mu (R-early-Norm-0.6) -  mu (R-early-L-0.6)
Estimate for d if feren ce  : -0 .683
95% Cl for d if feren ce  : (-1 .951 , 0.585)
T-Test of d if feren ce  = 0 (vs not =): T-Value = -1 .27  P-Value = 0.243  
DF = 7
Two-Sample T-Test and Cl: R-early-Norm-0.7, R-early-RCA-0.7
Two-sample T for R-early-Norm-0.7 vs R-early-RCA-0.7
N Mean StDev SE Mean
R-early-Norm-0.7 5 1.143 0.489 0.22
R-early-RCA-0.7 6 0.676 0.400 0.16
Difference = mu (R-early-Norm-0.7) -  mu (R-early-RCA-0.7)
Estimate for d if feren ce  : 0.467
95% Cl for d if feren ce  : (-0 .178 , 1.112)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 1.71 P-Value = 0.131 DF 
= 7
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Two-Sample T-Test and Cl: R-early-Norm-0.7, R-early-RA-0.7
Two-sample T for R-early-Norm-0.7 vs R-early-RA-0.7
N Mean StDev SE Mean
R-early-Norm-0.7 5 1.143 0.489 0.22
R-early-RA-0.7 5 0.620 0.297 0.13
Difference = mu (R-early-Norm-0.7) -  mu (R-early-RA-0.7)
Estimate for d if feren ce :  0.523
95% Cl for d i f feren ce  : ( -0 .103 , 1.149)
T-Test o f  d if feren ce  = 0 (vs not =): T-Value = 2 .0 5  P-Value = 0.087 DF 
=  6
Two-Sample T-Testand Cl: R-early-Norm-0.7, R-early-L-0.7
Two-sample T for R-early-Norm-0.7 vs R-early-L-0.7
N Mean StDev SE Mean
R-early-Norm-0.7 5 1.143 0.489 0.22
R-early-L-0.7 6 1.300 0.546 0.22
Difference = mu (R-early-Norm-0.7) -  mu (R-early-L-0.7)
Estimate for d if feren ce  : -0 .157
95% Cl for d ifferen ce :  (-0 .877 , 0.563)
T-Test of d i f feren ce  = 0 (vs not =): T-Value = -0 .50  P-Value = 0.629  
DF = 8
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G2 Hardened strength of concrete.
Strength measured in the period 1-28 days for all concrete types and w/c 
ratios.
Normality test of measured results using Kolmogorov-Smimov test, 
P value > 0.05 indicates normally distributed data
w/c ratio Gravelconcrete
RCA
concrete
Recycled
asphalt
concrete
Lytag
concrete
1-28 days
0.4 >0.150 >0.150 >0.150 >0.150
0.5 >0.150 >0.150 >0.150 >0.150
0.6 >0.150 >0.150 0.094 >0.150
0.7 >0.150 >0.150 >0.150 >0.150
Two-Sample T-Testand Cl: R-Normal-0.4, R-RCA-0.4
Two-sample T for  R-Normal-0.4 vs R-RCA-0.4
N Mean StDev SE Mean
R-Normal-0.4 7 41.14 9.48 3 .6
R-RCA-0.4 7 36.62 7.53 2.8
Difference = mu (R-Normal-0.4) -  mu (R-RCA-0.4)
Estimate for d if feren ce :  4.52
95% Cl for d if feren ce  : ( -5 .55 , 14.59)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 0.99 P-Value = 0.344 DF 
=  11
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Two-Sample T-Testand Cl: R-Normal-0.4, R-RA-0.4
Two-sample T for R-Normal-0.4 vs R-RA-0.4
N Mean StDev SE Mean
R-Normal-0.4 7 41.14 9.48 3 .6
R-RA-0.4 7 28.04 5.41 2.0
D ifference = mu (R-Normal-0.4) -  mu (R-RA-0.4)
Estimate for d if feren ce :  13.11
95% Cl for d if feren ce :  (3 .78, 22.44)
T-Test o f  d if feren ce  = 0 (vs not =): T-Value = 3.18 P-Value = 0.011 DF 
= 9
Two-Sample T-Testand Cl: R-Normal-0.4, R-L-0.4
Two-sample T for R-Normal-0.4 vs R-L-0.4
N Mean StDev SE Mean
R-Normal-0.4 7 41.14 9.48 3 .6
R-L-0.4 7 41.5 10.1 3.8
Difference = mu (R-Normal-0.4) -  mu (R-L-0.4)
Estimate for d if feren ce :  -0 .33
95% Cl for d if feren ce  : ( -11 .86 , 11.19)
T-Test o f  d i f feren ce  = 0 (vs not =): T-Value = -0 .0 6  P-Value = 0.951  
DF = 11
Two-Sample T-Test and Cl: R-Normal-0.5, R-RCA-0.5
Two-sample T for R-Normal-0.5 vs R-RCA-0.5
N Mean StDev SE Mean
R-Normal-0.5 7 28.50 8.31 3 .1
R-RCA-0.5 7 24.13 7.32 2.8
D ifference = mu (R-Normal-0.5) -  mu (R-RCA-0.5)
Estimate for d ifferen ce :  4.37
95% Cl for d ifferen ce :  (-4 .8 4 ,  13.58)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 1.04 P-Value = 0.319 DF 
=  11
Two-Sample T-Testand Cl: R-Normal-0.5, R-RA-0.5
Two-sample T for  R-Normal-0.5 vs R-RA-0.5
N Mean StDev SE Mean
R-Normal-0.5 7 28.50 8.31 3.1
R-RA-0.5 7 19.49 4.84 1.8
D ifference = mu (R-Normal-0.5) -  mu (R-RA-0.5)
Estimate for d if feren ce  : 9.01
95% Cl for d if feren ce  : (0 .79, 17.24)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 2.48 P-Value = 0.035 DF 
= 9
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Two-Sample T-Test and Cl: R-Normal-0.5, R-L-0.5
Two-sample T for R-Normal-0.5 vs R-L-0.5
N Mean StDev SE Mean
R-Normal-0.5 7 28.50 8.31 3 .1
R-L-0.5 7 28.35 9.57 3 .6
Difference = mu (R-Normal-0.5) -  mu (R-L-0.5)
Estimate for d ifferen ce :  0.15
95% Cl for d if feren ce :  (-10 .39 , 10.69)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 0.03 P-Value = 0.976 DF 
=  11
Two-Sample T-Test and Cl: R-Normal-0.6, R-RCA-0.6
Two-sample T for R-Normal-0.6 vs R-RCA-0.6
N Mean StDev SE Mean
R-Normal-0.6 7 21.63 7.52 2.8
R-RCA-0.6 7 20.90 6.58 2.5
Difference = mu (R-Normal-0.6) -  mu (R-RCA-0.6)
Estimate for d if feren ce  : 0.73
95% Cl for d if feren ce:  (-7 .5 8 ,  9.04)
T-Test o f  d if feren ce  = 0 (vs not =): T-Value = 0.19 P-Value = 0.850 DF 
=  11
Two-Sample T-Test and Cl: R-Normal-0.6, R-RA-0.6
Two-sample T for R-Normal-0.6 vs R-RA-0.6
N Mean StDev SE Mean
R-Normal-0.6 7 21.63 7.52 2.8
R-RA-0.6 7 16.74 4.11 1.6
Difference = mu (R-Normal-0.6) -  mu (R-RA-0.6)
Estimate for d if feren ce  : 4.89
95% Cl for d if feren ce:  (-2 .4 3 ,  12.21)
T-Test o f  d if feren ce  = 0 (vs not =): T-Value = 1.51 P-Value = 0.165 DF 
= 9
Two-Sample T-Testand Cl: R-Normal-0.6, R-L-0.6
Two-sample T for R-Normal-0.6 vs R-L-0.6
N Mean StDev SE Mean
R-Normal-O.6 7 21.63 7.52 2.8
R-L-0.6 7 21.61 7.41 2.8
D ifference = mu (R-Normal-0.6) -  mu (R-
Estimate for d ifferen ce  : 0.02
95% Cl for d ifferen ce  : (-8 .76 ,  8.80)
T-Test of d ifferen ce  = 0 (vs not =): T-Value = 0.01 P-Value = 0.995 DF 
=  11
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Two-Sample T-Testand Cl: R-Normal-0.7, R-RCA-0.7
Two-sample T for R-Normal-0.7 vs R-RCA-0.7
N Mean StDev SE Mean
R-Normal-0.7 7 19.26 7.14 2.7
R-RCA-0.7 7 15.77 5.80 2.2
Difference = mu (R-Normal-0.7) -  mu (R-RCA-0.7)
Estimate for d if feren ce :  3.49
95% Cl for d i f feren ce :  (-4 .1 6 ,  11.14)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 1.00 P-Value = 0.337 DF 
=  11
Two-Sample T-Test and Cl: R-Normal-0.7, R-RA-0.7
Two-sample T for R-Normal-0.7 vs R-RA-0.7
N Mean StDev SE Mean
R-Normal-0.7 7 19.26 7.14 2.7
R-RA-0.7 7 13.31 4.04 1.5
D ifference = mu (R-Normal-0.7) -  mu (R'
Estimate for d if feren ce :  5.95
95% Cl for  d if feren ce  : ( -1 .0 7 ,  12.96)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 1.92 P-Value = 0.087 DF 
= 9
Two-Sample T-Test and Cl: R-Normal-0.7, R-L-0.7
Two-sample T for R-Normal-0.7 vs R-L-0.7
N Mean StDev SE Mean
R-Normal-0.7 7 19.26 7.14 2.7
R-L-0.7 7 17.93 6.54 2.5
Difference = mu (R-Normal-0.7) -  mu (R-L-0.7)
Estimate for d if feren ce  : 1.33
95% Cl for d if feren ce  : ( -6 .7 2 ,  9.39)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 0.36 P-Value = 0.723 DF 
=  11
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G3 Continuous UPV data
UPV measurements obtained using the continuous data acquisition system, for 
all concretes types and w/c ratios.
Normality test of measured results using Kolmogorov-Smimov test, 
P value > 0.05 indicates normally distributed data
w/c ratio Gravelconcrete
RCA
concrete
Recycled
asphalt
concrete
Lytag
concrete
1-28 days
0.4 <0.010 <0.010 <0.010 <0.010
0.5 <0.010 <0.010 <0.010 <0.010
0.6 <0.010 <0.010 <0.010 <0.010
0.7 <0.010 <0.010 <0.010 <0.010
Mann-Whitney Test and Cl: UPV-Normal-0.4, UPV-RCA-0.4
N Median 
UPV-Normal-0.4 118 3.6905
UPV-RCA-0.4 120 3.2275
Point estim ate for ETA1-ETA2 i s  0.4284
95.0 Percent Cl for  ETA1-ETA2 i s  (0.3255,0.5559)
W = 1 6 8 5 6 . 0
Test of ETAl = ETA2 vs ETAl not = ETA2 i s  s ig n i f ic a n t  a t  0.0000  
The t e s t  i s  s ig n i f ic a n t  a t  0.0000 (adjusted for t i e s )
267
Appendix G Statistical analysis
Mann-Whitney Test and Cl: UPV-Normal-0.4, UPV-RA-0.4
N Median 
UPV-Normal-0.4 118 3.6905
UPV-RA-0.4 120 3.4439
Point estim ate for  ETA1-ETA2 i s  0.1708
95.0 Percent Cl for  ETA1-ETA2 i s  (0.0585,0.3289)
W = 15595.0
Test o f  ETAl = ETA2 vs ETAl not = ETA2 i s  s ig n i f ic a n t  at 0.0049 
The t e s t  i s  s ig n i f ic a n t  at 0.0049 (adjusted for t i e s )
Mann-Whitney Test and Cl: UPV-Normal-0.4, UPV-L-0.4
N Median 
UPV-Normal-0.4 118 3.6905
UPV-L-0.4 146 2 . 8 8 7 6
Point estim ate  for ETA1-ETA2 i s  0.9048
95.0 Percent Cl for ETA1-ETA2 i s  (0.7619,0.9976)
W = 20811.0
Test of ETAl = ETA2 vs ETAl not = ETA2 i s  s ig n i f i c a n t  a t  0.0000 
The t e s t  i s  s ig n i f ic a n t  at 0.0000 (adjusted for  t i e s )
Mann-Whitney Test and Cl: UPV-Normal-0.5, UPV-RCA-0.5
N Median 
UPV-Normal-0.5 120 3.4990
UPV-RCA-0.5 120 3.0973
Point estim ate for ETAl-ETA2 i s  0.4397
95.0 Percent Cl for ETA1-ETA2 i s  (0.3018,0.5489)
W = 17037.0
Test of ETAl = ETA2 vs ETAl not = ETA2 i s  s ig n i f ic a n t  at 0.0000
Mann-Whitney Test and Cl: UPV-Normal-0.5, UPV-RA-0.5
N Median 
UPV-Normal-0.5 120 3.4990
UPV-RA-0.5 120 3.2613
Point estim ate  for  ETA1-ETA2 i s  0.2575
95.0 Percent Cl for ETA1-ETA2 i s  (0.1304,0.3923)
W = 16275.0
Test of ETAl = ETA2 VS ETAl not = ETA2 i s  s ig n i f i c a n t  at 0.0007
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Mann-Whitney Test and Cl: UPV-Normal-0.5, UPV-L-0.5
N Median 
UPV-Normal-0.5 120 3.4990
UPV-L-0.5 148 2.7400
Point estim ate for ETA1-ETA2 i s  0.8765
95.0 Percent Cl for ETA1-ETA2 i s  (0.7180,0.9932)
W = 21170.0
Test o f  ETAl = ETA2 vs ETAl not = ETA2 i s  s ig n i f ic a n t  at 0.0000 
The t e s t  i s  s ig n i f ic a n t  at 0.0000 (adjusted for  t i e s )
Mann-Whitney Test and Cl: UPV-Normal-0.6, UPV-RCA-0.6
N Median 
UPV-Normal-0.6 119 3.1247
UPV-RCA-0.6 118 2.7574
Point estim ate  for ETA1-ETA2 i s  0.3258
95.0 Percent Cl for ETA1-ETA2 i s  (0.1552,0.4680)
W = 16004.0
Test o f  ETAl = ETA2 vs ETAl not = ETA2 i s  s ig n i f ic a n t  a t  0.0005
Mann-Whitney Test and Cl: UPV-Normal-0.6, UPV-RA-0.6
N Median 
UPV-Normal-0.6 119 3.1247
UPV-RA-0.6 118 2.8496
Point estim ate for ETA1-ETA2 i s  0.2124
95.0 Percent Cl for ETA1-ETA2 i s  (0 .0536,0.3688)
W = 15498.0
Test of ETAl = ETA2 vs ETAl not = ETA2 i s  s ig n i f ic a n t  at 0.0113
Mann-Whitney Test and Cl: UPV-Normal-0.6, UPV-L-0.6
N Median 
UPV-Normal-0.6 119 3.1247
UPV-L-0.6 146 2.5547
Point estim ate for ETA1-ETA2 i s  0.6103
95.0 Percent Cl for  ETA1-ETA2 i s  (0 .4551,0.7474)
W = 19331.0
Test of ETAl = ETA2 vs ETAl not = ETA2 i s  s ig n i f ic a n t  at 0.0000 
The t e s t  i s  s ig n i f ic a n t  at 0.0000 (adjusted for t i e s )
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Mann-Whitney Test and Cl: UPV-Normal-0.7, UPV-RCA-0.7
N Median 
UPV-Normal-0.7 120 2.8536
UPV-RCA-0.7 120 2.3848
Point estim ate  for ETA1-ETA2 i s  0.4431
95.0 Percent Cl for ETA1-ETA2 i s  (0.2413,0.6053)
W = 16560.0
Test of ETAl = ETA2 vs ETAl not = ETA2 i s  s ig n i f ic a n t  at 0.0001
Mann-Whitney Test and Cl: UPV-Normal-0.7, UPV-RA-0.7
N Median 
UPV-Normal-0.7 120 2.8536
UPV-RA-0.7 118 2.6025
Point estim ate for ETA1-ETA2 i s  0.2213
95.0 Percent Cl for ETA1-ETA2 i s  (0.0533,0.3877)
W = 15653.5
Test of ETAl = ETA2 vs ETAl not = ETA2 i s  s ig n i f i c a n t  a t  0.0134 
The t e s t  i s  s ig n i f i c a n t  a t  0.0134 (adjusted for t i e s )
Mann-Whitney Test and Cl: UPV-Normal-0.7, UPV-L-0.7
N Median 
UPV-Normal-0.7 120 2.8536
UPV-L-0.7 145 2.4214
Point estim ate for ETA1-ETA2 i s  0.5066
95.0 Percent Cl for ETA1-ETA2 i s  (0.2954,0.6677)
W = 18517.0
Test of ETAl = ETA2 vs ETAl not = ETA2 i s  s ig n i f i c a n t  at 0.0000
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G4 Intermittent UPV data
UPV data obtained intermittently for all concrete types and varying w/c ratios.
Normality test of measured results using Kolmogorov-Smimov test, 
P value >0.05 indicates normally distributed data
w/c ratio Gravelconcrete
RCA
concrete
Recycled
asphalt
concrete
Lytag
concrete
1-28 days
0.4 >0.150 0.062 >0.150 >0.150
0.5 >0.150 0.143 >0.150 >0.150
0.6 >0.150 >0.150 >0.150 >0.150
0.7 0.107 >0.150 >0.150 >0.150
Two-Sample T-Test and Cl: V-Normal-0.4, V-RCA-0.4
Two-sample T for V-Normal-0.4 vs V-RCA-0.4
N Mean StDev SE Mean
V-Normal-0.4 7 4.617 0.157 0.059
V-RCA-0.4 7 4.254 0.123 0.046
Difference = mu (V-Normal-0.4) - mu (V-RCA-0.4)
Estimate for d ifferen ce:  0.3626
95% Cl for d ifferen ce :  (0.1969, 0.5283)
T-Test of d ifferen ce  = 0 (vs not =): T-Value = 4.82 P-Value = 0.001 DF 
=  11
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Two-Sample T-Test and Cl: V-Normal-0.4, V-RA-0.4
Two-sample T for V-Normal-0.4 vs V-RA-0.4
N Mean StDev SE Mean
V-Normal-0.4 7 4.617 0.157 0.059
V-RA-0.4 7 4.455 0.158 0.060
Difference = mu (V-Normal-0.4) -  mu (V-RA-0.4)
Estimate for d if feren ce :  0.1616
95% Cl for d if feren ce  : (-0 .0237, 0.3469)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 1.92 P-Value = 0.081 DF 
=  11
Two-Sample T-Test and Cl: V-Normal-0.4, V-L-0.4
Two-sample T for V-Normal-0.4 vs V-L-0.4
N Mean StDev SE Mean
V-Normal-0.4 7 4.617 0.157 0.059
V-L-0.4 7 3.369 0.156 0.059
Difference = mu (V-Normal-0.4) -  mu (V-L-0.4)
Estimate for d ifferen ce :  1.2481
95% Cl for d if feren ce  : (1.0640, 1.4321)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 14.92 P-Value = 0.000  
DF = 11
Two-Sample T-Test and Cl: V-Normal-0.5, V-RCA-0.5
Two-sample T for V-Normal-0.5 vs V-RCA-0.5
N Mean StDev SE Mean
V-Normal-0.5 7 4.503 0.151 0.057
V-RCA-0.5 7 4.127 0.195 0.074
D ifference = mu (V-Normal-0.5) -  mu (V-RCA-0.5)
Estimate for  d if feren ce  : 0.37 63
95% Cl for d if feren ce :  (0.1716, 0.5810)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 4.05 P-Value = 0.002 DF
=  11
Two-Sample T-Test and Cl: V-Normal-0.5, V-RA-0.5
Two-sample T for  V-Normal-0.5 vs V-RA-0.5
N Mean StDev SE Mean 
V-Normal-0.5 7 4.503 0.151 0.057
V-RA-0.5 7 4 . 3 7 6  0.147 0.056
Difference = mu (V-Normal-0.5) -  mu (V-RA-0.5)
Estimate for d if feren ce  : 0.1274
95% Cl for d ifferen ce  : (-0 .0476, 0.3023)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 1.60 P-Value = 0.137 DF 
=  11
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Two-Sample T-Test and Cl: V-Normal-0.5, V-L-0.5
Two-sample T for  V-Normal-0.5 vs V-L-0.5
N Mean StDev SE Mean
V-Normal-0.5 7 4.503 0.151 0.057
V-L-0.5 7 3.324 0.151 0.057
Difference = mu (V-Normal-0.5) -  mu (V-L-0.5)
Estimate for d if feren ce :  1.1793
95% Cl for d if feren ce  : (1.0017, 1.3568)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 14.62 P-Value = 0.000 
DF = 11
Two-Sample T-Test and Cl: V-Normal-0.6, V-RCA-0.6
Two-sample T for V-Normal-0.6 vs V-RCA-0.6
N Mean StDev SE Mean
V-Normal-0.6 7 4.405 0.162 0.061
V-RCA-0.6 7 4.055 0.204 0.077
Difference = mu (V-Normal-0.6) -  mu (V-RCA-0.6)
Estimate for d if feren ce  : 0.3503
95% Cl for d if feren ce  : (0.1340, 0.5667)
T-Test of d i f feren ce  = 0 (vs not =): T-Value = 3.56 P-Value = 0.004 DF 
=  11
Two-Sample T-Test and Cl: V-Normal-0.6, V-RA-0.6
Two-sample T for V-Normal-0.6 vs V-RA-0.6
N Mean StDev SE Mean
V-Normal-0.6 7 4.405 0.162 0.061
V-RA-0.6 7 4.256 0.191 0.072
Difference = mu (V-Normal-0.6) -  mu (V-
Estimate for d if feren ce  : 0.1487
95% Cl for d if feren ce  : (-0 .0595, 0.3569)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 1.57 P-Value = 0.144 DF 
=  11
Two-Sample T-Test and Cl: V-Normal-0.6, V-L-0.6
Two-sample T for V-Normal-0.6 vs V-L-0.6
N Mean StDev SE Mean
V-Normal-0.6 7 4.405 0.162 0.061
V-L-0.6 7 3.238 0.167 0.063
D ifference = mu (V-Normal-0.6) -  mu (V-L-0.6)
Estimate for d if feren ce  : 1.1673
95% Cl for d if feren ce:  (0.9738, 1.3609)
T-Test of d ifferen ce  = 0 (vs not =): T-Value = 13.28 P-Value = 0.000  
DF = 11
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Two-Sample T-Test and Cl: V-Normal-0.7, V-RCA-0.7
Two-sample T for  V-Normal-0.7 vs V-RCA-0.7
N Mean StDev SE Mean
V-Normal-0.7 7 4.304 0.170 0.064
V-RCA-0.7 7 3.871 0.275 0.10
Difference = mu (V-Normal-0.7) -  mu (V-RCA-0.7)
Estimate for  d ifferen ce :  0.432
95% Cl for  d if feren ce  : (0.156, 0.708)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 3.54 P-Value = 0.006 DF 
= 9
Two-Sample T-Test and Cl: V-Normal-0.7, V-RA-0.7
Two-sample T for V-Normal-0.7 vs V-RA-0.7
N Mean StDev SE Mean
V-Normal-0.7 7 4.304 0.170 0.064
V-RA-0.7 7 4.160 0.205 0.078
D ifference = mu (V-Normal-0.7) -  mu (V-RA-0.7)
Estimate for d if feren ce  : 0.144
95% Cl for d if feren ce  : (-0 .077 , 0.365)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 1.43 P-Value = 0.180 DF 
=  11
Two-Sample T-Test and Cl: V-Normal-0.7, V-L-0.7
Two-sample T for V-Normal-0.7 vs V-L-0.7
N Mean StDev SE Mean
V-Normal-0.7 7 4.304 0.170 0.064
V-L-0.7 7 3.130 0.240 0.091
Difference = mu (V-Normal-0.7) -  mu (V-L-0.7)
Estimate for d if feren ce  : 1.173
95% Cl for d ifferen ce :  (0.926, 1.421)
T-Test o f  d if feren ce  = 0 (vs not =): T-Value = 10.57 P-Value = 0.000  
DF = 10
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G5 Rebound number measurements.
For all concrete types and w/c ratios.
Normality test of measured results using Kolmogorov-Smimov test, 
P value >0.05 indicates normally distributed data
w/c ratio Gravelconcrete
RCA
concrete
Recycled
asphalt
concrete
Lytag
concrete
1-28 days
0.4 >0.150 >0.150 >0.150 >0.150
0.5 >0.150 >0.150 >0.150 >0.150
0.6 0.125 >0.150 >0.150 >0.150
0.7 >0.150 >0.150 >0.150 >0.150
Two-Sample T-Testand Cl: RN-Normal-0.4, RN-RCA-0.4
Two-sample T for RN-Normal-0.4 vs RN-RCA-0.4
N Mean StDev SE Mean
RN-Normal-0.4 7 38.37 4.62 1.7
RN-RCA-0.4 7 38.2 9 4.15 1.6
Difference = mu (RN-Normal-0.4) -  mu (RN-RCA-0.4)
Estimate for d ifferen ce :  0.08
95% Cl for d ifferen ce :  (-5 .08 , 5.25)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 0.04 P-Value = 0.972 DF 
=  11
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Two-Sample T-Test and Cl: RN-Normal-0.4, RN-RA-0.4
Two-sample T for RN-Normal-0.4 vs RN-RA-
N Mean StDev SE Mean
RN-Normal-0.4 7 38.37 4.62 1.7
RN-RA-0.4 7 38.07 4.10 1.5
D ifference = mu (RN-Normal-0.4) -  mu (RN-RA-0.4)
Estimate for d ifferen ce :  0.30
95% Cl for d ifferen ce :  ( -4 .8 4 ,  5.43)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 0.13 P-Value = 0.901 DF 
=  11
Two-Sample T-Test and Cl: RN-Normal-0.4, RN-L-0.4
Two-sample T for RN-Normal-0.4 vs RN-L-0.4
N Mean StDev SE Mean
RN-Normal-0.4 7 38.37 4.62 1.7
RN-L-0.4 7 40.10 3.74 1.4
D ifference = mu (RN-Normal-0.4) -  mu (RN-L-0.4)
Estimate for d if feren ce  : -1 .73
95% Cl for d if feren ce :  (-6 .6 7 ,  3.22)
T-Test of d if feren ce  = 0 (vs not =): T-Value = -0 .77  P-Value = 0.458 
DF = 11
Two-Sample T-Testand Cl: RN-Normal-0.5, RN-RCA-0.5
Two-sample T for RN-Normal-0.5 vs RN-RCA-0.5
N Mean StDev SE Mean
RN-Normal-0.5 7 34.35 5.86 2.2
RN-RCA-0.5 7 35.64 5.48 2.1
Difference = mu (RN-Normal-0.5) -  mu (RN-RCA-0.5)
Estimate for d if feren ce :  -1 .30
95% Cl for d if feren ce  : ( -7 .9 7 ,  5.38)
T-Test of d if feren ce  = 0 (vs not =): T-Value = -0 .43  P-Value = 0.677 
DF = 11
Two-Sample T-Test and Cl: RN-Normal-0.5, RN-RA-0.5
Two-sample T for RN-Normal-0.5 vs RN-RA-0.5
N Mean StDev SE Mean
RN-Normal-0.5 7 34.35 5.86 2.2
RN-RA-0.5 7 31.33 4.33 1 .6
D ifference = mu (RN-Normal-0.5) -  mu (RN-RA-0.5)
Estimate for d if feren ce  : 3.01
95% Cl for d if feren ce:  ( -3 .0 5 ,  9.07)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 1.09 P-Value = 0.297 DF 
=  11
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Two-Sample T-Testand Cl: RN-Normal-0.5, RN-L-0.5
Two-sample T for RN-Normal-0.5 vs RN-L-0.5
N Mean StDev SE Mean
RN-Normal-0.5 7 34.35 5.86 2.2
RN-L-0.5 7 37.56 4.29 1 .6
Difference = mu (RN-Normal-0.5) -  mu (RN-L-0.5)
Estimate for d if feren ce :  -3 .21
95% Cl for d if feren ce :  (-9 .3 3 ,  2.90)
T-Test of d i f feren ce  = 0 (vs not =): T-Value = -1 .17  P-Value = 0.268 
DF = 10
Two-Sample T-Test and Cl: RN-Normal-0.6, RN-RCA-0.6
Two-sample T for RN-Normal-0.6 vs RN-RCA-0.6
N Mean StDev SE Mean
RN-Normal-0.6 7 29.74 4.36 1 .6
RN-RCA-0.6 7 32.79 4.36 1.6
Difference = mu (RN-Normal-0.6) -  mu (RN-RCA-0.6)
Estimate for d if feren ce  : -3 .05
95% Cl for  d if feren ce  : ( -8 .1 7 ,  2.08)
T-Test of d if feren ce  = 0 (vs not =): T-Value = -1 .31  P-Value = 0.217  
DF = 11
Two-Sample T-Test and Cl: RN-Normal-0.6, RN-RA-0.6
Two-sample T for  RN-Normal-0.6 vs RN-RA-0.6
N Mean StDev SE Mean
RN-Normal-0.6 7 29.74 4.36 1 .6
R N -R A -0 .6  7 28.38 4.40 1.7
Difference = mu (RN-Normal-0.6) -  mu (RN-RA-0.6)
Estimate for d if feren ce  : 1.36
95% Cl for d if feren ce  : ( -3 .7 9 ,  6.51)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 0.58 P-Value = 0.574 DF 
=  11
Two-Sample T-Testand Cl: RN-Normal-0.6, RN-L-0.6
Two-sample T for RN-Normal-0.6 vs RN-L-0.6
N Mean StDev SE Mean
RN-Normal-0.6 7 29.74 4.36 1.6
RN-L-0.6 7 35.27 3.7 6 1.4
Difference = mu (RN-Normal-0.6) -  mu (RN-L-0.6)
Estimate for  d if feren ce  : -5 .54
95% Cl for d if feren ce:  (-10 .32 , -0 .75)
T-Test of d ifferen ce  = 0 (vs not =): T-Value = -2 .5 5  P-Value = 0.027  
DF = 11
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Two-Sample T-Test and Cl: RN-Normal-0.7, RN-RCA-0.7
Two-sample T for RN-Normal-0.7 vs RN-RCA-0.7
N Mean StDev SE Mean
RN-Normal-0.7 7 25.15 4.53 1.7
RN-RCA-0.7 7 27.83 4.51 1.7
Difference = mu (RN-Normal-0.7) -  mu (RN-RCA-0.7)
Estimate for d if feren ce :  -2 .67
95% Cl for d if feren ce  : ( -8 .0 0 ,  2.65)
T-Test of d if feren ce  = 0 (vs not =): T-Value = -1 .11  P-Value = 0.292 
DF = 11
Two-Sample T-Test and Cl: RN-Normal-0.7, RN-RA-0.7
Two-sample T for RN-Normal-0.7 vs RN-RA-0.7
N Mean StDev SE Mean
RN-Normal-0.7 7 25.15 4.53 1.7
RN-RA-0.7 7 23.05 5.56 2 .1
Difference = mu (RN-Normal-0.7) -  mu (RN-RA-0.7)
Estimate for d if feren ce  : 2.11
95% Cl for d if feren ce  : ( -3 .8 6 ,  8.07)
T-Test of d if feren ce  = 0 (vs not =): T-Value = 0.78 P-Value = 0.453 DF 
=  11
Two-Sample T-Test and Cl: RN-Normal-0.7, RN-L-0.7
Two-sample T for RN-Normal-0.7 vs RN-L-0.7
N Mean StDev SE Mean
RN-Normal-O.7 7 25.15 4.53 1.7
RN-L-0.7 7 31.31 5.44 2.1
Difference = mu (RN-Normal-0.7) -  mu (RN-L-0.7)
Estimate for d if feren ce  : -6 .15
95% Cl for d if feren ce  : (-12 .05 , -0 .26)
T-Test of d if feren ce  = 0 (vs not =): T-Value = -2 .3 0  P-Value = 0.042 
DF = 11
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